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ABSTRACT 
The desire for a non-destructive testing method for concrete strength has always been 
present in civil engineering. An emphasis on testing the electrical properties of concrete 
has existed for many years without the connection drawn between the electrical 
properties and strength of concrete. This study was designed to determine if a relationship 
between the electrical properties and strength of concrete exists. It was found that a linear 
relationship exists between the capacitive reactance and strength of concrete, as concrete 
cures and sets. It was also found that increasing the electrode distance increases the 
reactance, increasing the electrode contact area decreases the reactance and decreasing 
the cement content decreases the reactance. 
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Concrete is currently one of the most widely used construction materials in the world, 
making concrete one of the most widely researched materials in civil engineering. The 
most important parameter of any concrete is the final strength achieved after the 
hydration process has been completed. Currently, the only way of testing the strength of a 
concrete is through semi-destructive testing, which causes some damage when performed 
on the concrete that has been cast in place. There is an urgent need for development of a 
method that can determine the concrete strength as it cures and sets. 
1.2 Problem Statement 
The process of creating a non-destructive test method which is able to determine concrete 
strength has been taking place for many years. Many methods have been used, however, 
there has always been an emphasis put on the electrical properties of concrete and 
whether these methods can help in predicting the strength of concrete. In order to use the 
electrical properties of concrete to determine the strength, a clear relationship must be 
made between these two parameters. Hence, this study was designed and carried out to 
investigate the relationship between the strength and electrical properties of concrete. 
1.3 Objectives 
The following were the objectives: 
• Determine if a relationship exists between the electrical properties and strength of 
concrete. 
• Investigate the effect of electrode distance, electrode contact area, and cement 
content on the electrical properties of concrete. 
1 
1.4 Scope of Work 
The following were the major activities under the scope of work for this project. 
• Undertake a detailed literature review to provide insight into how the problem 
statement should be addressed, in terms of research methodology. 
• Carry out the testing to determine both the electrical properties and strength of 
concrete. 
• Analyze the test data to determine if a relationship exists between the strength of 
concrete and electrical properties of concrete as concrete cures and sets. 
• Analyze the test data to determine if the electrode distance, electrode contact area, 
and cement content of the concrete specimens affect the electrical properties of 
concrete. 
1.5 Methodology 
The methodology of the study included casting concrete in different sizes of moulds with 
different concrete mixes to measure the electrical properties, in conjunction with 
simultaneously casting concrete cylinders to measure the strength of the specified 
concrete mix. The experimental program was completed in three phases using various 
mould types and concrete mixes. 
1.6 Organization 
The contents of this thesis are organized as follows: Chapter 2 consists of a detailed 
literature review conducted before the experimental program began, Chapter 3 outlines 
the and testing procedures and steps followed in the experimental program, Chapter 4 
discusses a representative electrical circuit that can be applied to concrete, Chapter 5 
presents and discusses the results found in the experimental program and Chapter 6 
includes a summary of the thesis, conclusions drawn from the work and any 
recommendations for the future. 
2 
2 LITERATURE REVIEW 
2.1 General 
The intent of this literature review is to gain knowledge into the previous research 
completed on the electrical properties of concrete and how they can be related to the 
mechanical properties of concrete. In order to establish how the quality of concrete can be 
related to its electrical properties, research began with cement paste which consists only 
of water and cement (the elements responsible for the binding of concrete). This research 
was integral in establishing that cement paste is the primary medium that electrical 
current will pass through in concrete. It was found by many researchers that concrete will 
not resist current as well as the aggregate it is made from because the current will pass 
through the path of least resistance which is in turn the cement paste. Testing the 
electrical properties of concrete and mortar was the next step, where the main objective 
would be to change the physical properties of the specimens and observe the effect on the 
electrical properties that would result. 
After completing this literature review it was apparent that the relationship between the 
electrical properties and the strength of concrete should be explored further. Different 
concrete mixes and different specimen sizes were investigated in order to find a 
relationship between the strength of a given concrete and its corresponding electrical 
properties. 
2.2 Cement Paste 
2.21 Relationships between Electrical and Physical Properties of Cement Pastes 
Taylor and Arulanandan (1974) performed a study to determine whether it would be 
possible to predict important mechanical properties of cement pastes from measurements 
of the electrical properties at early ages of setting. Taylor and Arulanandan completed 
important research by explaining some of the physical properties of concrete and how 
they can be affected by different parameters like the amount of absorbed water present in 
the concrete, the geometry and distribution of the capillary pores, the number of solid-
solid contacts and the ratio of the amount of cement paste to space available in the 
3 
concrete. After this it was considered what paths that the current would take while 
passing through the cement paste including: through the solution and conducting particles 
in series, through the particles in contact with each other, and through the solution was 
considered. A model was proposed to show the fractional cross-sectional path of the 
current through the cement paste as shown in Figure 2.1, where d is the length of the 
current path through the conducting solid, c represents the length of the current path 
through the solution, b represents the length of the current path through the "solid" 
particles and a represents the cross-sectional area of the solution and conductive solids in 
series. 
Figure 2.1: Schematic for the conduction of electricity through cement paste 
(Taylor and Arulanandan, 1974) 
The relationship was made between the parameter b and the strength and elasticity of the 
cement paste making b the most important parameter in this study. 
The cement paste specimens were 12.7 mm by 38.1 mm and they were tested for their 
dielectric constant and conductivity over a frequency range of 1MHz to 100MHz. The 
water/cement (W/C) ratios used were 0.3, 0.35 and 0.4 where the electrical properties 
were tested after about 24 hours of curing. Along with these specimens 50.8 mm x 101.6 
mm cement paste cylinders were cast in order to test the compressive strength of the 
pastes at the ages of 3, 7 and 10 days. 
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It was found that for every W/C ratio the solid-solid contacts increased with time, where 
they increased rapidly over the first day and then more gradually during the first week. 
Also, it should be noted that only a W/C ratio of 0.3 or 0.35 is needed in order for the 
complete chemical conversion of cement to occur, and the parameter b became very 
sensitive to the W/C ratio of 0.4 meaning that b is very sensitive to an excess of water 
present in a cement paste. 
The importance of the parameter b can be seen in Figure 2.2 where it is shown how b can 
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Figure 2.2: Strength of cement paste measured and calculated using b parameter 
(Taylor and Arulanandan, 1974) 
The model using b is conservative when compared to the measured 7 day strength which 
is advantageous because it would be safer, as the actual strength would be higher than the 
predicted value. Taylor and Arulanandan suggest that it would be possible to create a 
field measuring device able to predict the strength of early age concretes from the 
determination of the parameter b. The use of this technique would be very useful but it 
5 
has not been studied further beyond the application of the purely academic material of 
cement paste and not concrete. 
2.2.2 Effect of Water Content in Cement Pastes 
Tashiro et al. (1987) investigated the dependence of the electrical resistivity on the 
evaporable water content and pore-size distribution of hardened cement pastes. The three 
different cements used in this study were ordinary Portland cement (OPC), alumina 
cement (AC) and ultra-rapid hardening cement (URHC). 
The water/cement ratio used in the cement pastes was 0.4 and the moulds used were 15 
mm x 40 mm x 15 mm with two 6 mm x 25 mm steel electrodes spaced at 5 mm. The 
specimens were cured at 20°C for one day and then removed from the moulds and dried 
in an oven at 60°C to evaporate any water present in the paste. The specimens were 
cooled at 20°C and the electrical resistance was measured along with the weight. The 
evaporable water content was measured by the difference in this weight and the weight of 
the specimens after drying in an oven at 100°C for 12 hours. 
Figure 2.3 shows the relationship between the log of the resistivity and the reciprocal of 
the water content for each curing time of 3, 7, and 28 days. 
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Figure 2.3: Variation of resistivity of cement pastes with the reciprocal of water 
content 
(Tashiro et al., 1987) 
The magnitude of the resistivity remained relatively the same but the slope of the line in 
Figure 2.3 (C) increases with time. Figure 2.4 shows the change in the slope C with time 
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Figure 2.4: Variation of slopes from Figure 2.3 with time 
(Tashiro et al., 1987) 
Figure 2.5 shows the variation of the resistivity with which cement type is used. The C 
value and resistivity of the AC and URHC cements is considerably higher than that for 
OPC. 
s e s e H e 
J/w tjr'! 
Figure 2.5: Variation of resistivity with the reciprocal of water content of different 
cements (Tashiro et al., 1987) 
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This result shows that the slope C reflects the difference between the curing time and the 
type of cement used. A test of the pore volume was also performed using a mercury 
penetration porosimeter, with the results displayed in Figure 2.6. 
75 750 
Pore radius ( nm ! 
7500 75 750 
Pore radius ( nm ) 
7S00 
Figure 4 Pore-size distributions of various hardened ccmon! pastes; (a) OPC (curing time .1 days), (b) OPC (7 days), (c) OPC (28 days), (d) 
AC (7 days), and (e) URHC (7 days). 
Figure 2.6: Pore size distribution of different cement pastes 
(Tashiro et al., 1987) 
From the figure it was concluded that OPC creates a cement paste with more pores of 
smaller size than that of AC and URHC while also containing larger pores on average 
than AC and URHC. In conclusion of this study, it was found that the C value can 
characterize hardened cement pastes with different curing times and types of cements. 
This study presents a clear difference in the electrical properties of cement paste, when 
there is a change in water content or the type of cement used. The only suggestion for this 
study would be that the electrical measurements were taken every day in order to create a 
full data set for the proposed C value and how it varies with time. 
2.2.3 Impedance of Cement Pastes 
McCarter et al. (1988) completed research with the intent of finding the impedance 
response of cement paste over a large frequency range at different times during the 
hardening process. The frequency range used in this study was 20 to 110 MHz, and the 
specimens were tested on days 1,14, and 25. While it is given that the cement paste had a 
8 
water to cement ratio of 0.3, the size of the specimens was not given in the report. This is 
a vital piece of information that is needed when considering cement paste as a dielectric, 
as the impedance is dependent on the size of the specimen. The author should have 
provided this information in the article in order for others to compare their work or so 
research could be duplicated. Regardless of this, the impedance plots produced show a 
familiar shape of a straight line at low frequencies then a semicircular arc after 
intercepting with the Real Impedance Axis. The bulk resistance is given by the intercept 
and was found to increase with time as the values given were: 190 Q. at 1 day, 404 D, at 
14 days, and 528 Q at 25 days. The frequency at which the cement paste relaxes 
(Imaginary impedance lowers) decreased with time, indicating that as the cement paste 
aged the capillary pores constricted and slowed the current passing through the paste. 
The conclusion made was that it could be possible to give a quantitative measure of the 
degree of hydration of a cement paste. While a more interesting conclusion to be made is 
that the impedance plot formed for cement paste bears the same shape as that of mortar 
and concrete found in other studies. This would give further evidence into the fact that in 
concrete or mortar the current passes primarily through the cement paste. Even though 
the author did not make this conclusion this study was informative and remains important 
when attempting to classify the electrical mechanics of cement based materials. 
2.2.4 Effect of Water Type on Cement Paste 
The objective of the research performed by Wahed and Hekal (1989) was to study the 
effect of the water type of a cement paste on its conductivity. 
They used three different cement types: Portland cement, slag cement, and blended 
cement. The slag cement consisted of 60% Portland cement, 35% blast furnace slag, and 
5% gypsum, while the blended cement consisted of 65% Portland cement, 15% blast 
furnace slag, 15% cement kiln dust, and 5% gypsum. The different cement types were 
mixed with either regular drinking tap water or chloride solution or sea water or sulphate 
solution or ground water in order to attain a liquid to cement ratio of 0.3. The specimens 
used for the conductivity measurements were cast in cylinders with an internal diameter 
of 16 mm and length of 12 mm. There were stainless steel endplates attached to the 
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cement pastes cylinders, and a conductometer was used to measure the conductivity at 
20°C for the first 5 hours after mixing. Conductivity-time curves were established for all 
of the different specimens where each curve shared the common characteristic having a 
single maximum conductivity achieved during the early stages of hydration. 
Figure 2.7 shows the conductogram for Portland cement. The figure illustrates tap water 
causes the lowest conductivity and the ground water and MgS04 solution provide similar 
conductivity. 
Figure 1 Conductograms of Portland 
cement paste: (a) tup water, (b) NaC! solu-
tion, (c) sea water, (d) MgSO,, solution and 
(e) ground water. 
TIME lh) 
Figure 2.7: Conductivity with time using Portland cement paste 
(Wahed and Hekal, 1989) 
The media containing chloride ions (NaCl and sea water) had a much higher 
conductivity, which was likely due to the fact that chloride ions accelerate the effects of 
hydrolysis in cement. It was also interesting to note there was a sharp decrease in the 
conductivity of the sea water specimen after the maximum, which was likely due to the 
sharp decrease of chloride ions as the sea water creates large amounts of ettringite in the 
cement paste. The conductogram for the slag cement is shown in Figure 2.8, which shows 
the conductivity is initially lower for these specimens. 
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Figure 2.8: Conductivity with time using slag cement paste 
(Wahed and Hekal, 1989) 
This likely occurred because the free calcium hydroxide produced during the Portland 
cement hydration was consumed by the slag hydration reducing the conductivity. The 
specimen cast with the SO4 solution was lower than the tap water and the ground water 
specimen was slightly higher. As expected the NaCl solution had the highest conductivity 
followed by the ground water due to the phenomenon explained earlier. Figure 2.9 
illustrates the conductogram for the blended cement paste, which resulted in markedly 
low conductivity values for the tap water specimen as the kiln dust was introduced. 
36 
Figure i Conductograms irf bicndec 
ccnacm paxk: {a) lap water, (b) NaC! ttuu-
m>s5. (c) s«s waser, {<!) MgSG* solution ;tnd 
Ic) ground *;U«. 
\ 
"h-
S r!M£ in) 
Figure 2.9: Conductivity with time using blended cement paste 
(Wahed and Hekal, 1989) 
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The MgSC>4 solution and ground water caused slightly lower conductivities during early 
hydration. The sea water specimen had the second highest conductivity initially and it 
became the highest after 2 hours when the NaCl specimen lowered significantly. The 
NaCl specimen had the highest initial conductivity and two maximums before decreasing 
sharply after 2 hours. 
Wahed and Hekal (1989) made several conclusions including the fact that different water 
types and cement substitutions can change the electrical response of cement pastes. This 
has application into the fact that it could be possible for popular cement additives to 
change the electrical response of concretes. If this was possible then the presence of these 
additives could be studied in a certain concrete mix, or their presence could be accounted 
for when taking electrical measurements on a concrete specimen. 
2.3 Mortar 
2.3.1 Effect of Water Content on the Electrical Impedance of Mortar 
Berg et al. (1992) performed one study found on mortar. The objective was to determine 
how the dielectric response of cement mortar depends on the water content in a wide 
frequency range. The aim was to make use of dielectric measurements as an indicator of 
water content in cements, mortars, and concretes although only mortars were studied. 
The specimens used were 80 mm x 80 mm cubes of mortar with the water/cement (W/C) 
ratios of 0.5, 0.62 and 0.78. Three polished 40 mm x 40 mm nickel plates were embedded 
at a distance of 10 mm and 20 mm apart to ensure electrode polarization was easily 
distinguishable from bulk conduction effects. The specimens were allowed to harden for 
24 hours with most of the specimens sealed in plastic to ensure evaporation occurred 
orthogonal to the electrodes. One specimen of each W/C ratio was completely sealed in 
plastic. The specimens were stored in air for 3 months with several stages of oven 
treatment to see the effects of continuing hydration. The final heat treatment was 
performed for 24 hours at 378K (106°C) to remove any weakly bound water referred to 
as evaporable water. It was shown that the higher the W/C ratio the higher the percentage 
of evaporable water. 
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The complex impedance (Z = Zi + Z2J) was found by applying a small sine voltage to a 
pair of electrodes and measuring the current moving through the concrete, in the 
frequency range of 10"3 to 107 Hz. The first electrical properties tested were the real and 
imaginary capacitance, which were tested at 3 days with no heat treatment, 74 days with 
no heat treatment, 74 days with a heat treatment for 24h at 333K, 74 days with a heat 
treatment for 24h at 363K, and 74 days with a heat treatment for 24h at 378K. 
The results for the real capacitance are shown in Figure 2.10 (a), where it can be seen that 
the real part of capacitance decreases with frequency, curing time, and increasing heat 
treatment. It should be noted that the values of the real part of capacitance seemed to 
converge at higher frequencies regardless of curing time or heat treatment. The results for 
the imaginary part of capacitance are shown in Figure 2.10 (b), where it can be seen that 







1G~4 10"2 1 10" 10^ 
Frequency (Hz) 
10" 
FIG. I. (a) Real and (b) imaginary parts of the complex capacitance of 
cement mortar with water/cement ratio 0.78 are depicted as a function of 
frequency. The capacitance is given in units of the permittivity of space. 
The measurements were taken after storage of the sample for (a) 3 days, 
(b) 74 days in air and after heat treatments for (c) 24 h at 333 K, (d) 24 
h at 363 K. and (e) 24 h at 378 K. 
Figure 2.10 (a) & (b): Variation of real and imaginary capacitance with frequency 
(Berg et al., 1992) 
The imaginary impedance maintained more variation at higher frequencies than the real 
capacitance and it did not seem to converge. The real and imaginary impedances were 
also measured and shown for the specimen with a water/cement ratio of 0.78 in Figure 
2.11. 
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FIG, 2. The imaginary part of the impedance is shown as a function of 
the real part for mortar with a W/C ratio of 0.78, A constant high 
frequency capacitance has been subtracted. Points denote experimental 
values while lines are drawn as a guide for the eye. Frequency values for 
some experimental points are given in the figures. The measurements were 
carried out after heat treatment during (a) 24 b at 333 K. and (b) 24 h at 
363 K. An equivalent circuit that describes our results is given as an inset 
in (b). Here Ct and C2 are constant phase elements, while R2 denotes the 
bulk dc resistance and a is the phase angle. 
Figure 2.11: Complex impedance plot for mortar 
(Berg et aL, 1992) 
The features of the plot included a straight line at low frequencies and a semi-circular arc 
with the centre below the axis at high frequencies. The straight line is indicative of a 
constant phase element (CPE) Ci and the semi-circle signifies a resistance (R2) and 
another CPE (C2) in parallel, which was in turn the proposed circuit model of mortar. The 
dielectric response of the element Ci was proven to be due to electrode polarization, and 
therefore the other elements of the circuit described the bulk dielectric response of the 
mortar. The element R2 was indicated by the intersection with the real impedance axis in 
the complex impedance plot, while the element C2 can be calculated by the equation: 
C7 = C 02 (r (2.1) 
Where C02 is the amplitude and f0 is the characteristic frequency. The exponent n2 can be 
obtained from the angle a by the equation: 
n2 = 1-© (2.2) 
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The amplitude C02 was obtained numerically from the maximum point of the semi-
circular arc in the impedance plot. The conductance of the specimens was also measured 
over a period of 100 days; the conductance was seen to decrease with time in Figure 2.12, 
where initially the conductance was higher with increased water content. 
Storage t!m«> (days) 
FIG. 3, Conductance as a function of storage time after preparation for 
cement mortars with different W/C ratios s$ given in the figure. Results 
for three samples open to air and a sealed sample with W/C ratio 0.62 arc 
given. 
Figure 2.12: Variation of conductance with storage time 
(Berg et al., 1992) 
While at the end of the storage period the specimen with the highest water content had 
the lowest conductance, which is due to the fact that this specimen had a higher rate of 
evaporation than the other specimens and it had lost almost all of the evaporable water by 
the end of the storage period. 
The amplitude of C02 was found to be a function of the water content and was 
independent of the W/C ratio for specimens with a water content greater than 0.4. The 
exponent n2 was found to be around 0.7 in this experiment, which agreed with the work 
of other researchers in this area. Using these parameters it was suggested that that the 
16 
value of C2 could be modeled for any cement mortar at any frequency if the amplitude of 
the said mortar was known. In conclusion it was noted that the higher the W/C ratio of a 
mortar the higher the initial conductance would be, while also the higher the W/C ratio of 
a mortar the lower the final conductance would be. Therefore it was proposed that the 
dielectric response of mortar could be used to estimate the degree of curing as well as the 
original water content of an unknown mix. An equivalent electric circuit was proposed to 
be a CPE (C2) in parallel with a resistance, where the values of the necessary parameters 
were discovered making the use of this equivalent circuit very plausible to model the 
dielectric response of a given mortar if the amplitude is known. 
This research was helpful in the sense that it helps develop the theory behind the 
conduction of electricity through a cement material like mortar, and has applications to 
the masonry industry where it might be possible to estimate the quality or W/C ratio of a 
given mortar using electrical methods. 
2.4 Concrete 
2.4.1 Electrical Resistivity of Concrete 
Whittington et al. (1981) tried to find a relationship among the resistivity of concrete, the 
ratios of the concrete mix, and the electrical properties of the components of concrete. 
Another goal of the research was to determine a relationship between the conduction of 
electricity through concrete and a proposed electrical model. 
The importance of this research seems to be that it was the first study on the resistivity of 
concrete giving the expected result of the electrical resistivity increasing with time. It was 
proposed that the electrical current applied to concrete would have three possible paths 
through the concrete including: through the aggregate and cement paste in series, through 
aggregate particles in direct contact with each other, and through the cement paste only. 
A schematic is shown in Figure 2.13 which shows the approximate resistivity of the 
concrete if it took the path indicated in the figure, it should be noted that these values 
were assumed due to previous research and should not be taken as actual measured 
values. 
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(a) (b) (c) 
y x z 
Figure 2.13: Conduction model for concrete 
(Whittington et al., 1981) 
The figure was helpful in quickly showing that the resistivity of concrete will be much 
lower if the current only passes through the cement paste and not through the aggregate, 
as the resistivity of the aggregate is several orders higher than that of the cement paste. 
Such it is that electrical current will take the path of least resistance through the concrete 
and will thus pass mostly through cement paste explaining why the resistivity of the 
concrete is much closer to that of cement paste than the aggregate (Concrete resistivity = 
25 to 45 Qm, Cement Paste resistivity = 10 to 13 fim and Aggregate resistivity = 5xl03 
to lxl06fi-m). 
After concluding that the current would mostly pass through the cement paste 
Whittington et al. considered whether the cement paste could be broken down into two 
components being the free evaporable water and the cement-water paste, and whether the 
resistivity could be quantified for each component. It was brought to the reader's 
attention that the amount of evaporable water present in concrete was almost impossible 
to quantify, as it was difficult to determine the electrical resistivity of the evaporable 
water and it would also be difficult to determine the electrical resistivity of the 
compounds of hydration. And it was concluded that taking the paste as a whole which 
would control the overall resistivity of the concrete, was a more than reasonable 
assumption. The formation factor (F) was a concept introduced as the ratio of the 
resistivity of the composite to the resistivity of the matrix, which in the case of concrete 
would be the resistivity of the concrete to the resistivity of the cement paste. The concrete 
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specimens used were 100 mm cubes with brass plate electrodes on either side of the 
concrete which also acted as part of the mould during the first 24 hours of specimen life. 
Along with the 100 mm cubes of concrete, 70 mm mortar cubes were tested for the 
formation factor because of the high fractional volume of cement paste. There were many 
different mixes used in the tests as outlined in the paper using normal Portland cement, 
oven-dried fine aggregate with a specific gravity of 2.65 and coarse aggregate with a 
grain size no larger than 13 mm and a specific gravity of 2.61. Six specimens were cast 
for each concrete mix at each W/C ratio. The specimens were removed from the moulds 
after 24 hours and cured in a water bath at 23°C. The weight of the cubes was measured 
in order to calculate the density before they were submerged in the water bath. The 
electrodes were attached to the specimens using a low-resistance cement paste, so the 
measured resistance values would not be changed. There were also some specimens 
stored outdoors beneath 200 mm of sand after 13 days of curing inside; this was tested in 
order to simulate concrete with an outdoor lifespan. Due to the polarization effects 
discussed earlier, the resistance was measured directly from the specimens using a non-
disclosed ohmmeter using a low-frequency alternating current. All of the specimens were 
tested over a 3 to 4 month period, while the concrete stored outdoors was considered to 
have experienced a reasonable amount of climate change to simulate the life of an 
outdoor concrete. 
The results for the early life of the concrete and cement paste was found to show a 
gradual increase of resistivity in concrete until the concrete sets and then the resistivity 
increases more rapidly, while the cement paste had decreasing resistivity in the first 5 
hours before increasing. This decrease in resistivity was thought to be the cause of the 
hardening of the cement paste being an exothermic reaction which would increase the 
temperature and therefore, lower the resistivity or due to an increase in the number of 
ions going into solution. The decrease in resistivity was not present in concrete likely 
because the concrete has a lower amount of fractional volume of cement paste, or 
possibly due to the coarse aggregate accepting the heat transfer from the chemical 
reaction and negating a decrease in resistivity. It was important to note the relationship 
between the water/ cement ratio and resistivity was inversely proportional, with an 
increase in the W/C ratio resulting in a lower resistivity overall. The specimens stored in 
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the water bath were found to reach an almost constant resistivity by about 20 days 
regardless of the W/C ratio, where the increase in resistivity during the first 20 days was 
likely due to the loss of evaporable water. The concrete specimens that were cured 
outdoors were found to have a more variable resistivity over time than the other 
specimens, and the change in resistivity was assumed to be due to the temperature change 
over time, which was outlined earlier in the paper to vary with temperature. It was also 
interesting to note that the temperature coefficient (a) of the cement paste was found to 
be 0.022/°C and the temperature coefficient of most electrolytes is 0.025/°C. The last 
thing tested in this study was the formation factor (F) which was found to follow the 
equation F=1.04(p"1'20 where (p represents the fractional volume of cement paste present in 
the concrete tested. This negative linear relationship shows that as (p increases the F 
decreases which validates the theory shown earlier in the paper, F for a certain mix and 
W/C ratio is reasonably constant and that the resistivity could be found for mixes with 
different fractional volumes than the ones used in the study. 
The final conclusions of this study were that as the W/C ratio of concrete increased the 
resistivity decreased showing that the strength decreased as the resistivity decreased. 
Since the resistivity of the aggregate is almost infinite when compared to that of the 
cement paste, showing that the resistivity of the concrete is almost completely dependent 
on the resistivity of the cement paste in the concrete. The electrical resistivity of concrete 
was directly related to the rate of hydration of the cement paste, suggesting that the 
strength of the concrete could be linked to the resistivity. This study was very important 
in setting up the framework for concrete to be studied in an electrical sense by using 
many different mixes and W/C ratios making the link between many of these variables in 
concrete and how they affect the resistivity of concrete. The realization that current 
travels almost entirely through the cement paste in concrete is an important discovery, 
because it creates a solid foundation for understanding how concrete acts as an electrical 
material. The use of specimens that were stored outdoors was an interesting idea but the 
data does not seem as relevant because it was not used in the calculation of the formation 
factor and the resistivity data was exceedingly variable. 
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2.4.2 Dielectric Properties of Concrete 
The intent of a study by Wilson et al. (1984) was to find if high-frequency impedance 
measurements could detect entrapped air inside of cast concrete. The other objective was 
to find the effect of increasing the amount of coarse aggregate on the high-frequency 
impedance measurements. 
The specimens used were 150 mm cube with electrodes on opposite faces with a coaxial 
connection to the impedance analyzer. The basic concrete mix used had water/cement 
ratio of 0.5 and cement:sand:coarse aggregate ratio of 1:1.5:3. The variations on this mix 
were one specimen with 5% more coarse aggregate, one specimen with 5% more air 
volume, and one specimen with 10% more air volume. All impedance measurements 
were carried out on the concrete specimens after 6.02 days of setting over the frequency 
ranges of 1 to 100 MHz and 500 to 700 MHz. 
The results of the lower frequency band were collected in Figure 2.14, which shows that 




Figure 2.14: Low frequency impedance plot of concrete 
(Wilson et al., 1984) 
The fluctuation was accounted to the coaxial to parallel plate transition where minor 
resonances occurred. It can be noted that between 1MHz and 10MHz all of the mixes had 
a higher impedance as compared to the normal mix, with the high air mix having the 
highest impedance and the low air mix having the lowest impedance. At a frequency of 
1 MHz the normal mix showed an impedance of around 250 £1 while the other mixes 
were all near the 300 Q. mark. The results for the higher frequency range are shown in 
Figure 2.15 which shows an increase in aggregate caused a decrease in resonant 
frequency, while a large increase in air caused an increase in resonant frequency. 
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Figure 2.15: High frequency impedance plot of concrete 
(Wilson et al., 1984) 
The impedance was also measured at specific days over one month where the specimens 
were stored in a water bath until measurements were taken. Over the low frequency range 
the impedance at 30 MHz divided by the impedance at 1 MHz appeared helpful as it 
showed variation between the specimens. As can be seen in Figure 2.16 the specimens 
with added air had an impedance ratio closer to that of the normal specimen than the 
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Figure 2.16: Variation of impedance and temperature with time 
(Wilson et al., 1984) 
This study indicates that it is possible to detect the difference between a specimen with 
additional air voids and a specimen with excess aggregate. Excess air voids could 
possibly result in lower strength. 
The resistivity and relative permittivity were also calculated using the impedance data 
collected at 6.02 days. The results for the lower frequency range are given in Figure 2.17 
showing a steady decrease in both resistivity and relative permittivity as frequency 
increased, while the resistivity and relative permittivity had values of 40 CI and 125 CI 




Figure 2.17: Low frequency plot of resistivity and relative permittivity 
(Wilson et al., 1984) 
The higher frequency range had the results in Figure 2.18 yielding a resistivity over 70 Q 
and relative permittivity of 3 at 500 MHz. It should be noted that the results at both 
frequency ranges should be questioned again due to the coaxial line transition, which 
were found at about 70 MHz. The very high values of the relative permittivity at low 
frequencies were estimated to be due to Maxwell-Wagner effects, which assume the 
current passes through the water which would have a relatively high conductivity. A 
proposed model for this effect is also shown in Figure 2.17 which accounts for randomly 
oriented conducting needles and a continuous water channel with a very thin insulating 
layer of gas generated by electrolytic effects. 
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Figure 2.18: High frequency plot of resistivity and relative permittivity 
(Wilson et al., 1984) 
The model gives the general shape of resistivity and relative permittivity but there are 
discrepancies between the model and measured values. The variation in the values was 
likely due to the fact that the model assumes the conducting needles throughout the 
cement paste matrix are the same length, even though concrete can have a great variation 
in pore sizes. 
In conclusion it was found in this study that it was possible to detect small variations in 
the constituents of concrete. The researchers could have described the impedance 
measurements at different days and if there was as much variation between mixes as there 
was at 6.02 days. If the variation was noticeable at 1 day or earlier, there could be more 
application for this research in terms of detecting the quality of a certain concrete after it 
is cast in place. Also, it would have been beneficial to see the variation between the 
mixes beyond 6.02 days and whether the variation increases with time. It is possible the 
impedance measurements could have been used on concrete that is already in service and 
whether it has experienced deterioration by comparing it to a test specimen of the same 
mix. 
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2.4.3 Relationship between Resistivity and Strength of Concrete 
The work of Whittington and Wilson (1986) had the intention of creating a non-
destructive test method for concrete using the measurement of electrical properties, with 
the final result being a quality control test for structural concrete. The purpose of the 
study was to make an alternative test of concrete strength in comparison to the current 
tests used to measure the mechanical properties of concrete, as the electrical properties 
are comparable to the mechanical properties because they both depend on the same 
chemical reactions that take place in concrete during the hydration process. 
An in-depth analysis of the chemistry involved in the hydration on cement was performed 
in order to appreciate the significance of the electrical parameters used. The main purpose 
of this analysis was to explain that the water and cement reacted to produce a matrix of 
compounds making the cement paste, which locks the fine and coarse aggregate together 
to create concrete. The mechanical and electrical properties of concrete depend on the 
amount of hydration that the components of concrete have achieved, the way the water is 
distributed and the condition of the concrete matrix. When it comes to the electrical 
properties of concrete it can be considered to be a large amount of insulating material 
(coarse aggregate) imbedded into a conducting matrix of cement paste. The concrete was 
modeled as two resistances in parallel, one of them representing the aggregate and the 
other representing the cement paste. Even though the cement paste had a lower volume 
ratio than the aggregate, it had a lower resistivity and is therefore expected to control the 
resistivity of the concrete overall. 
The specimens used were 150 mm cubes of concrete were used in the experiment along 
with two 14 SWG stainless-steel electrodes placed on opposite faces to obtain the 
electrical data. One electrode was also fitted with a temperature sensor in order to take 
temperature measurements as well. The moulds were made from PVC to accommodate 
both the 150 mm concrete cube and the electrodes, and when the mould was removed a 
good bond was found between the concrete and the stainless-steel electrodes. The only 
concrete mix used in this study incorporated a cement: sand: aggregate ratio of 1:1.5:3 
and a water/cement ratio of 0.5. As in previous studies using BS 1881 (1983) as a 
guideline the concrete was cured for 24 hours and then placed in a water bath at 20°C, 
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until resistivity measurements were made and the specimens were removed from the bath 
and allowed to dry for 5 minutes before making the measurements then placed directly 
back into the bath. The resistivity data was collected using an automatic measurement 
system making it possible to record the data of 15 different specimens at once, for a 
complete time cycle of 100 days being the maximum. The specimens were removed from 
the water bath using an automatic hoist before each resistivity measurement was taken, at 
a frequency of 2.0 kHz using a square wave AC signal. In order to take the temperature 
measurements the signal was amplified to 7.2 kHz. The percentage of error in the 
resistivity measurements was found to be less than 2% if the resistivity measured was 
greater than 1 Q.m, which included most of the measurements taken in the study. 
The results of the experiment are greatly concluded in both Figures 2.19 and 2.20. Figure 
2.19 shows the change in resistivity over time while Figure 2.20 shows the correlation 
between the strength of concrete and the resistivity. The results in Figure 2.19 are as 
expected with the resistivity increasing gradually with time until it sets and then 
increasing more rapidly when it sets. 
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Figure 2.19: Variation of resistivity with time 
(Whittington and Wilson, 1986) 
The conclusion made by Whittington and Wilson was that the curve in Figure 2.19 could 
be used in the quality control of concrete, as any concrete with a resistivity measured 
outside of this calibration curve would be considered suspect. 
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Figure 2.20: Correlation of resistivity and strength 
(Whittington and Wilson, 1986) 
Figure 2.20 is very ambiguous as the day at which the strength and resistivity were 
measured is not indicated, and was only said to be between 2 to 28 days. The figure also 
contains dashed boxes around the data points which indicate the amount of error to be 
expected from the values obtained. However, conclusion was made by the author that the 
correlation between resistivity and strength is linear and the resistivity of concrete 
increases as the strength increases. It should, however, be noted that the increase in 
resistivity is very small. 
2.4.4 Variation of Electrical Properties of Concrete with Frequency 
Whittington and Wilson (1990) attempted to propose certain mechanisms which control 
the conductivity and dielectric constant of concrete in order to develop an electrical 
model. This electrical model would then be compared with the electrical measurements, 
with the validity of the model being discussed. 
The concrete specimens were cast in a PVC mould with two stainless-steel electrodes on 
opposite faces. The mould was a 150 mm cube with a coaxial line attached to the 
electrodes to create a direct link to an impedance analyzer. The specimens remained in 
the moulds during all measurements. The measurements were carried out on four 
identical specimens at a frequency range of 1 to 100 MHz, using a HP4191A RF 
impedance analyzer. The concrete mix used in this study had a water/cement ration of 0.5 
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and a cement: sand aggregate ratio of 1:1.5:3. The impedance measurements were taken at 
a time of 1 hour after the concrete was mixed and 1 day after the concrete was mixed. 
The conductivity at 1 hour was found to be constant at 0.2 S/m until about 20 MHz and 
dropped virtually to zero at 100 MHz. While the conductivity at 1 day was found to be 
about 0.03 S/m and stayed constant until about 10 MHz and increased to 0.2 S/m at 50 
MHz and then back down to zero. The dielectric constant was found to be positive but 
declining until 2 MHz when it dropped below zero and remained negative up to 100 
MHz. While the dielectric constant remained positive but declining until 50 MHz. The 
results of the electrical experiments could be best explained by electrode polarization, the 
change in behaviour from homogeneous conduction best described as the Maxwell-
Wagner effect and viscous conduction effects. 
Electrode polarization occurs when ions reach the electrodes and gas is produced, since 
concrete is so viscous the gas cannot escape creating another capacitance in parallel to the 
resistive bulk and causing a low conductivity in concrete. This polarization model is 
represented by a capacitor in series with a capacitor and resistor in parallel having the 
impedance: 
jcoCi l+jo)C2R 
Although the circuit can be made into an equivalent circuit of a resistance in parallel with 
a capacitor having the admittance: 
r = f+;a)Cp (2.4) 
While the conductivity (a) and dielectric constant (e) can be postulated by the equations 
derived in the text, and were best used to model the conductivity after 1 hour. The result 
of this model is seen in Figure 2.21 and shows that the polarization model is not accurate 




Figure 2.21: Comparison of dielectric constant at one hour 
(Whittington and Wilson, 1990) 
The model is close from 1 to 10 MHz and it was possible that the polarization mechanism 
is more complex than the model or the polarization was not complete across the 
electrode. The Maxwell-Wagner effect occurs when the frequency of a field is greater 
than the critical frequency and the charge carriers cannot redistribute fully. The cause of 
the effect is a reduced dielectric constant, an increase in electrical loss and an increase in 
conductivity. The model produced by the Maxwell-Wagner equations best fits the 
conductivity and dielectric constant after 1 day which can be seen in Figure 2.22 and 




Figure 2.22: Comparison of conductivity at one day 






Figure 2.23: Comparison of dielectric constant at one day 
(Whittington and Wilson, 1990) 
The Maxwell-Wagner model was close to the measured conductivity in Figure 2.22 at 
low frequencies, but the variance increased as the frequency increased. The model in 
Figure 2.23 followed the dielectric constant at low and high frequencies. The discrepancy 
in the Maxwell-Wagner model was most likely due to the assumption of the volume and 
geometry being fixed, when in reality there can be statistical distribution in these 
variables. The viscous conduction effect occurs when the ability of an ion to respond to 
an alternating electric field is restricted because the frequency has reached a cut-off point. 
This electrical model best represented the conductivity after 1 hour as seen in Figure 
2.24. The model closely followed the measured conductivity with variance occurring 












Figure 2.24: Comparison of conductivity at one hour 
(Whittington and Wilson, 1990) 
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This research has brought forth three great electrical models of concrete which can each 
explain the behaviour of concrete as an electrical material in different ways. Although it 
would be interesting to see if the models could resemble the measured data (conductivity 
and the dielectric constant), beyond one day possibly including 7, 21, and 28 days which 
are important days pertaining to concrete strength. If the models made would be verified 
for these milestones dates in concrete life a decisive connection could be made between 
the electrical and mechanical properties of concrete. 
2.4.5 Effect of Cement Type on the Impedance of Concrete 
McCarter (1996) attempted to find the AC impedance response of fresh concrete over a 
frequency range of 100 Hz to 10 MHz. While the paper also searched for how the use of 
replacement cementitious materials like pulverized fuel ash (PFA) and granulated blast-
furnace slag (GGBS), would affect the electrical properties of concrete. The coarse 
aggregate used in this study ranged from 5 to 20 mm, and the fine aggregate ranged in 
size from 150 um to 5 mm. There were many different mixes used in the study, where the 
water/cement ratio ranged from 0.38 to 0.56. Ordinary Portland Cement (OPC) and 
Sulphate-Resisting Portland Cement (SRPC) were used as the main cements in this study, 
while PFA and GGBS were used at 30% and 50% replacement respectively. 
As in studies completed previously by this author the concrete specimens used were 150 
mm cubes with two 150 mm stainless-steel electrodes attached to opposite faces in order 
to take electrical measurements. For each mix used in the study three specimens were 
tested for their electrical properties over a frequency range of lOOHz-lOMHz using a 
Solartron 1260 impedance analyzer. The electrical measurements were taken 30 minutes 
after each concrete specimen was mixed. The results of the measurements taken on the 
mixes containing only OPC can be seen in Figure 2.25. 
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Real impedance (£2) 
Figure 1 Complex impedance spectra for OPC concretes: (V) Mix i, water contect 135 kgrn"'1; (O) Mix 3, water content 180 kgtn"' ;(•} 
Mix ?, water content ISOkgm"1; (r>) Mix 10, water content 215 kgrn"3. 
Figure 2.25: Complex impedance plot for Portland cement 
(McCarter, 1996) 
From the figure it is seen that with the increasing water content there was a decrease in 
real impedance (resistance) and only a slight decrease in the overall imaginary impedance 
(reactance). The impedances were found overall to be less than 80 Q at any frequency or 
using any mix, with the shape taking on a decreasing line into an arc as the frequency 
increases. The bulk resistance of the concrete (Rbuik) was found to be the intercept of the 
impedance arc with the Real impedance axis. Rbu|k was found to decrease as the water 
content in the OPC concrete increased. When the cementitious replacement GGBS and 
SRPC were used the results are displayed in Figure 2.26, it was found that the specimens 





Figure 2.26: Influence of cement product used on impedance plot 
(McCarter, 1996) 
This increase in RbUik was likely due to the reduction of cement paste which is inherently 
the path through the concrete, making it more difficult for the electricity to pass through 
the concrete and increasing Rbuik. The use of SRPC also increased Rbuik over OPC, which 
was due to rapid hydrolysis and the smaller amount of free water for the electricity to 
pass through. The results of the concrete using PFA replacement are found in Figure 2.27, 
agreeing with the OPC specimens that with increasing water content Rbuik decreased. 
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Figure3 Complex impedance spectra for PFA concreLss. (C) Mix 2, (o) Mix 8, (V) Mix 9. 
Figure 2.27: Influence of using PFA on impedance plot 
(McCarter, 1996) 
The variance in Rbuik seemed to be larger than that of OPC while the difference in water 
content was considerably lower, therefore a change in water content had a larger effect on 
the Rbuik of PFA concretes than OPC only concretes. The figure also presents a flatter and 
distinctively different curve than the OPC concretes, making it apparent that the 
impedance measurements are a practical procedure to determine the presence of PFA in 
concrete. This was the most practical discovery of this study, but the fact that PFA is 
present in concrete does not have that much relevance from a civil engineering 
perspective. The only relevance occurs if the amount of PFA used in the concrete can be 
determined before setting and whether it complies with specifications. The paper also 
introduced the fact that impedance measurements can be inconsistent at high frequencies, 






2.4.6 Electrical Properties of Concrete and Concrete Constituents 
Wilson and Khalaf (1999) considered the use of electrical measurements to determine the 
movement and special distribution of water within freshly mixed concrete. Using this 
technique to determine the moisture content, rates of water absorption and absorption of 
the individual components of concrete could be used to create a model for how concrete 
resists electrical current. In order to create greater differentiation between all of the 
specimens, two types of sand were used along with three types of coarse aggregate and 
one type of ordinary Portland cement. 
The moulds used in this study were plastic 150 mm cubes with two stainless-steel plates 
on either side of the cube which were used as electrodes. The first specimens cast were a 
cement paste with a water/cement ratio of 0.3, which had a temperature sensor placed 
inside of the paste which recorded the temperature during all of the electrical 
measurements. Next there were four different concrete mixes tested that had a W/C ratio 
of 0.55 and roughly the same cement:sand:aggregate ratio of 1:2.20:3.30, while all of the 
specimens used a different coarse aggregate including whin, quartz, granite and oven-
dried whin. Before the cement products were tested the coarse and fine aggregates were 
saturated and tested for the resistance using an impedance analyzer at a frequency of 10 
kHz, then the cement paste and concretes were tested in the same manner. 
The resistance plot for the aggregates was high initially but then dropped rapidly until 
about 200 minutes where the final resistance was found to be higher for the coarse 
aggregate (1000-2000 D.) than the fine aggregate (600-800 Q). It was also found that the 
resistance changed with the type of aggregate used, where quartz had the highest 
resistance among the coarse aggregate and concrete sand had a higher resistance than the 
builder's sand. The final resistance of the cement paste (16 Q) was found to be much 
lower than the aggregate with the resistance increasing over time instead of decreasing, 
while the temperature also increased with the time and resistance of the cement paste. It 
was concluded that changing the type of aggregate would change the resistance of the 
concrete, the aggregates can be ordered by final resistance from highest to lowest as: 
whin (75 Q), oven-dried whin (70 Q), quartz (65 Q) and granite (50 D.). 
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The fact that the resistance of the concrete is considerably lower than that of either type 
of aggregate is further proof that the cement paste is the primary factor governing the 
electrical resistance of concrete. From this research it would seem that the type of coarse 
aggregate used should be another factor to consider when trying to employ the electrical 
properties of concrete to conclude the mechanical properties of concrete. But the 
variation is so small between the resistance values found that it seems almost trivial to 
consider this as well, because the mix proportions and W/C ratio will have the biggest 
impact on the electrical properties of concrete. 
2.4.7 Determination of Concrete Setting Time 
Manchiryal and Neithalth (2008) observed the effect that changing the water/cement 
ratio, fly ash content, aggregate/cement ratio and aggregate size had on the dielectric 
response of cement paste and concrete. The cement paste was cast in acrylic moulds sized 
50 mm x 50 mm x 150 mm, where stainless steel plates (0.75 mm thick) were placed on 
either side of the mould after the cement paste was added. An impedance analyzer was 
connected to the moulds via alligator clips and impedance measurements were taken over 
a frequency range of 1 Hz to 1 MHz, where the bulk resistance was taken as the intercept 
with the real axis in the complex impedance plot. Measurements for the cement pastes 
were taken every 15 minutes for the first 6 hours then every 30 minutes for the next 3 
hours and after the conductivity became more gradual every 6 hours. 
The concrete mixes were cast in acrylic moulds with the dimensions 75 mm x 75 mm x 
250 mm with stainless steel plates of the same thickness placed at 50 mm from the edges 
of the mould. The impedance measurements were carried out in the same manner as the 
procedure described for the cement pastes. After 24 hours the concrete specimens were 
removed from the moulds and either placed in a saturated limewater bath (saturated 
specimens) or covered in a non-conducting water resistant tape and stored at 70% RH and 
23°C ± 2°C (sealed specimens). 
The conductivity-time plots created were divided into 5 distinct phases including: Phase 1 
implicating the zone where the conductivity is maximum and constant, Phase 2 
representing the zone where the conductivity began to slowly drop, Phase 3 (3 to 12 
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hours) showing a faster rate of decrease in conductivity, Phase 4 the decrease in 
conductivity became more gradual and finally Phase 5 where the slow and steady 
reduction of the conductivity occurred until it became almost constant. In Figure 2.31 it 
can be seen that the cement paste with no fly ash had a higher conductivity during Phase 
1 than the specimens with fly ash and the specimen with the lowest W/C ratio (0.32) and 
highest fly ash replacement (20%) had the lowest overall conductivity. 
Figure I—Effective conductivity variation with time for: (a) plain cement p.istes, and (b) for pastes with fly ash 
replacements 
Figure 2.28: Effective conductivity of cement pastes 
(Manchiryal and Neithalth, 2008) 
An equation for the effective conductivity for cement pastes and concretes was suggested 
by the author to be: 
ffeff = Of+—7^5 (2-5) 
Where Of is the conductivity in Phase 5, an is the conductivity in Phase 1, ts is the final 
setting time, and b is a constant determined by experimental procedure. This model 
seemed to be quite accurate for both cement pastes and concretes as the model gave an R 
value of 0.99 when the model was compared to the experimental data collected. From all 
of the concrete specimens tested the following observations were made: the use of fly ash 
substitution decreased the conductivity in Phase 1 and 5, the higher the aggregate to 
cement ratio was the lower the conductivity was and the curing condition had no effect on 
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the specimens during the first 24 hours while the conductivity for the saturated specimens 
was higher than the sealed specimens beyond 24 hours. 
The reduced conductivity in the specimens containing fly ash was explained by the 
reduction of cement content and therefore a reduction in the amount of ions available to 
carry charge. The fly ash content and the W/C ratio were found to be the parameters that 
effected the setting time the most. The fact that the setting time was found to be related to 
the effective conductivity in the model showed it could be possible to determine the 
setting time by taking conductivity measurements on a certain concrete. This would be an 
important discovery indeed as it would be possible to know when a concrete in the field 
has become fully set by taking conductivity measurements and whether construction 
could continue over the concrete already cast. 
2.5 Summary 
There were many studies completed within the scope of electrical properties of cement 
materials and the beginning of classifying concrete as an electrical material. While some 
main conclusions can be made from all of the studies previously completed stating with 
the fact that the ability of concrete to resist electric current is reduced as the amount of 
water in concrete increases. The ability of concrete to resist electric current increases as 
the concrete ages and free water evaporates from the surface. 
Possibly the most relevant finding is the fact that the electrical properties of concrete rely 
heavily on the cement paste created inside of the concrete matrix during the hydration 
process. While all of these findings have been made, work needs to continue in this area 
in order to create a definite relationship between the strength of concrete and its electrical 
properties. 
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3 EXPERIMENTAL PROGRAM 
3.1 Concrete Materials 
The concrete and cement paste used in this study consisted of the following components: 
cement, sand, coarse aggregate and water. The Type 10 Portland cement (CSA 
A23.1/A23.2, 2009) was used for both the concretes and cement pastes used in the 
experimental program. 
Fine sand that conformed to Canadian Standard specification (CSA A23.1/A23.2, 2009) 
was used as the fine aggregate in the concrete mixes. To ensure the sand met the standard 
three separate sieve analyses were performed using a mechanical sieve shaker on a 750 g 
sample in each test. The results of the sieve analysis were found to be between the upper 
and lower limits recommended in CSA A23.1/A23.2, and the average of the three sieve 
analysis tests can be seen in Figure 3.1. 
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CSA Upper Limit 
Measured Sand Profile 




Figure 3.1: Sand gradation results 
The coarse aggregate used in the concrete mixes was Forwell crushed stone (Figure 3.2) 
that contained stones as large as 10 mm in diameter while also consisting of very fine 
particles. Therefore, a grain size analysis was required in order to find the variation in 
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size of the coarse aggregate used in the concrete for the experimental program. A list of 
the sieve numbers and the corresponding grain sizes can be found in Table 3.1. Three 
sieve analyses using a mechanical sieve shaker were performed using a 750 g sample for 
each test. The average percent passing and average percentage by weight were found 
from the three separate tests and the results can be seen in Table 3.2. 
Figure 3.2: Crushed stone dust used in experimental program 
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Note: Larger sieve openings (1 in to - in) are designated by a sieve mesh size that 
corresponds to the size of the opening in inches, while smaller sieve mesh sizes of 3- to 
400 are designated by the number of openings per linear inch in the sieve. 
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It is apparent from Table 3.2 that over 45% of the crushed stone was very fine dust, 
smaller than 1.18 mm (Sieve No. 16). If these fine particles were considered to be part of 
the coarse aggregate the concrete mix would become very inaccurate. The crushed stone 
was then processed through a larger sieve to separate the desired size of stone from the 
dust particulate. The desired stone size was in the range of 5 mm, due to the relatively 
small size of the concrete moulds used to acquire electrical data in the experimental 
3 
program. A larger sieve machine was used to collect the aggregate between Sieve - in 
8 
(9.50 mm) and Sieve No. 8 (2.36 mm), it should be noted that Sieve No. 8 (2.36) was 
used in place of Sieve No. 7, as Sieve No. 7 was not available for the larger mechanical 
sieve machine. Therefore, the concrete mixes used in this study incorporated a coarse 
aggregate with the minimum grain size of 2.36 mm (Sieve No. 8) and a maximum grain 
3 
size of 9.5 mm (Sieve. No. - in). The results of the three sieve analyses along with the 
8 
average values can be found in Figure 3.3. 
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Figure 3.3: Results of sieve analysis on coarse aggregate 
The water used for all of the concrete and cement paste mixes was regular drinking water 
from the tap collected on site in the University of Windsor concrete casting lab located in 
19B Essex Hall. 
3.2 Concrete and Cement Paste Mixes 
Three different concrete mix trials were mixed in order to find the optimum concrete mix 
for each phase of the study. Each component of the concrete mix was measured 
accurately using a scale (accurate to 0.1 g). The trial mixes were then poured into a 
mould and removed after 24 hours to determine the qualities of each mix. All of the n 
mixes were cast in 50 mm steel cube moulds which can be seen in Figure 3.4. A base mix 
(Al) was established using a cement:sandxoarse aggregate (C:S:A) ratio of 1:2:3 and a 
water/cement (W/C) ratio by weight of 0.5. In most civil engineering construction, a W/C 
ratio of 0.4 to 0.6 is chosen when no admixtures are used. Hence, in this study, a W/C 
ratio of 0.5 was chosen as the reference value. It was found that a W/C of 0.5 provided a 
mix with good workability. Along with this base mix several other mixes (A2 to A5) 
were cast with the same C:S:A ratio but with different W/C ratios in order to determine 
the best possible mix. The mixes of Trial I can be seen in Table 3.3. 
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Figure 3.4: Steel cube mould 
The concrete samples of Trial I were removed from the moulds after one day to 
investigate the quality of each concrete mix. After inspecting each specimen it was found 
that each mix produced an excess of voids around the surface of the mould. This 
indicated that the amount of coarse aggregate in the mix required reduction in the next 
trial of concrete composition. Therefore, none of the mixes in Trial I were chosen for this 
study. 
Trial II of the concrete composition consisted of a lesser amount of coarse aggregate 
(crushed stone) in the base mix (Bl) and larger amounts of sand and cement. Mixes Bl, 
B2, and B3 all followed this general trend while mix B4 was created to give a particular 
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W/C ratio of 0.5 with increased workability. The different mixes of Trial II are outlined 
in Table 3.4 







































































As with the previous trial, the samples of Trial II were removed from their moulds after 
one day of curing time and inspected for quality. It was determined that mix B4 was the 
best possible mix in Trial II because it contained very few voids and possessed a desired 
W/C ratio of 0.5. Therefore, mix B4 was chosen as the best possible concrete mix for the 
small moulds used in this study, and mix B4 was considered as Concrete Mix I in the 
experimental program. The cement paste mixes did not require composition trials because 
the only materials used in cement paste are cement and water, the cement paste mixes 
used in the experimental program are in Table 3.5. 





















After Concrete Mix I was established another concrete mix was desired that contained the 
smallest amount of cement possible. Trial III of the concrete composition consisted of a 
reduced amount of cement and water as compared to Concrete Mix I (Mix B4 in Table 
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3.4). Hence, the amount of coarse aggregate (crushed stone) increased by weight. The 
mixes tested in Trial III can be seen in Table 3.6. 


















































During casting it was apparent that mix C3 could not be used simply because the cement 
required to complete hydration was not present in the mix. For this reason only mix CI 
and C2 were considered for use in the experimental program. After removing the 
specimens from the moulds one day after casting, there was little difference in the quality 
of the two specimens. Therefore, mix C2 was found to be the mix with the lowest amount 
of cement possible in a concrete mix and mix C2 was referred to as Concrete Mix 2 
during the remainder of the experimental program. Hence, the four mixes which were 
finally chosen in this study were Cement Paste Mix I, Cement Paste Mix II, Concrete 
Mix I, and Concrete Mix II. It can be noted that Cement Paste Mix II had the highest 
proportion of cement content where as Concrete Mix II had the lowest proportion of 
cement content. 
3.3 Development of Concrete Moulds 
The determination of the electrical properties of concrete was one of the main focuses of 
the experimental program. Therefore, the best possible technique for acquiring the 
electrical data was considered a very important aspect of the experimental program. The 
initial attempt at acquiring the electrical properties of concrete involved attaching steel 
electrodes to two opposite parallel surfaces of the concrete cubes using aluminum tape 
(Figure 3.5 a), and recording the electrical values using an APPA-95 multimeter (Figure 
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3.5 b). This process resulted in unusual electrical values. For example the resistance (R) 
of concrete after one day was found to be around 25 MQ and the capacitance (C) was 
found to be around 50 nF, which seemed unusual when compared to the data reported by 
other researchers in this area of this study. Hence, this method of electrode assembly was 
abandoned and in subsequent trials, aluminum electrodes were embedded into the 
concrete instead. 
Figure 3.5 (a) and (b): (a) Concrete cube with face electrodes and (b) APPA 
multimeter 
The use of embedded electrodes began with altering the 50 mm steel cube moulds to 
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Figure 3.6: Concrete cube with embedded aluminum electrodes 
Prior to testing, the concrete samples were required to be removed from the steel mould. 
This was due to the fact that the contact between the aluminum electrodes and steel 
mould was assumed to create a short circuit resulting in erroneous electrical data. 
Although it was observed that as the set concrete was removed from the moulds a weak 
bond existed between the concrete and aluminum electrodes which caused the electrode 
to segregate from the concrete. Hence, the use of this type of mould was then disregarded 
as the concrete sample could not be removed from the mould. Therefore, the use of an 
electrically non-conductive material was chosen in order to proceed with the 
experimental program. 
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New moulds were built using acrylic which is a non-conductive material. Aluminum 
plates of 4 mm thickness were used as electrodes. Three different moulds were designed 
in order to study the effect that the electrode contact area and distance between the 
electrodes had on the electrical properties of the concrete. The details of each mould can 
be seen in Table 3.7, and the moulds themselves can be seen in Figure 3.7, Figure 3.8 and 
Figure 3.9. 
Table 3.7: Dimensional properties of concrete moulds 
Concrete Mould I Concrete Mould II Concrete Mould III 
Specimen Cross-Section 50 mm x 50 mm 100 mm x 100 mm 200 mm x 200 mm 
Number of Electrodes 
Electrode Spacing(s) 20 mm 20 mm and 40 mm 40 mm and 80 mm 
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Figure 3.9: Concrete Mould III 
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3.4 Test Matrix 
The test matrix chosen in this study can be seen in Table 3.8. 




















































* Specimen name refers to Mould Type-Concrete Mix Type-Electrode Spacing-Specimen 
Number-Phase of Testing 
Phase I consisted of electrical and compression testing on concrete specimens that were 
cast in the concrete moulds and compression cylinders simultaneously using Concrete 
Mix I. Slump testing was performed on a sample of each concrete batch before casting 
and density testing of the cylinders was performed on the same day prior to compression 
testing. Phase II involved electrical testing on Cement Paste Mix I and Cement Paste Mix 
II, while the cement paste mixes were not tested for strength and density. Phase III 
consisted of electrical testing on specimens cast in Concrete Mould II using Concrete Mix 
II and specimens cast in Concrete Mould III using Concrete Mix I. The compression 
cylinders in Phase III were cast simultaneously using Concrete Mix II. All of the testing 
performed in each phase is outlined in the test matrix found in Table 3.8. 
In each phase of the experimental program different concrete mixes and moulds were 
used in different combinations in order to obtain unique results. In order to make it clear 
which electrical concrete sample is being referenced to later on in the experimental 
program a labelling methodology was developed. The methodology follows the form of 
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X-Y-ZZ-N-P, where each letter is representative to a characteristic of the electrical 
concrete specimen. The characteristics along with each different type can be seen in 
Table 3.9. Hence, a concrete specimen denoted by II-B-40-C-III indicates that this 
specimen was cast in Concrete Mould II using Concrete Mix II. The distance between the 
electrodes was 40 mm. The specimen number is Specimen III and it belongs to Phase III. 








X- Mould Type 





P- Phase Number 
Designation 
I- Concrete Mould I 
II- Concrete Mould II 
III- Concrete Mould III 
A- Concrete Mix I 
B- Concrete Mix II 
C- Cement Paste Mix I 
D- Cement Paste Mix II 
20- 20 mm 
40- 40 mm 
80- 80 mm 
A- Specimen I 
B- Specimen II 
C- Specimen III 
ABC- All Specimens in the 
group 
AVG- Average of all 
Specimens 
I- Phase I 
II- Phase II 
III- Phase III 
*For naming purposes only, Concrete Mix I, Concrete Mix II, Cement Paste Mix I, and 
Cement Paste Mix II are referred to as Mix types A, B, C, and D respectively. 
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3.5 Specimens used for Physical Properties of Concrete 
3.5.1 Mixing Concrete 
The small specimens of concrete cast as trial mixes only required a small scale to 
measure the individual components and a bowl in which it was mixed. However, the 
experimental program required larger quantities of concrete to be cast for all of the 
required physical and electrical testing. The process of casting large quantities began with 
measuring the precise amount of each of the dry components (cement, sand, and coarse 
aggregate) using the scale seen in Figure 3.10. The dry ingredients were then mixed 
together in a wheelbarrow seen in Figure 3.11. 
Figure 3.10: Scale used to measure Figure 3.11: Wheel barrow used 
concrete components to mix concrete 
After the dry ingredients were mixed, the amount of water needed to achieve the desired 
W/C ratio was measured and slowly added to create the concrete mixture. The concrete 
was mixed together with a shovel until all of the ingredients were fully incorporated and a 
consistent mix was achieved. 
3.5.2 Slump Test 
After the batch of concrete was mixed slump testing was performed within ten minutes of 
mixing according to the Canadian Standard specifications (CSA-A23.2, 2009). The 
following steps were followed as outlined in clause number A23.2.5C. 
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1. A 30 L sample was obtained from the fresh concrete batch. 
2. The moist slump cone was placed on the moist slump tray. 
3. While standing on the foot lugs throughout the test, the cone was filled to one 
third by volume and rodded 25 times with a 16 mm diameter x 600 mm long 
hemispherically tipped steel rod. 
4. The cone was then filled to two-thirds of its volume and rodded 25 times as above 
with the rod just penetrating into the first layer. 
5. The cone was finally filled to overflowing and rodded 25 times as above with the 
rod just penetrating into the second layer. 
6. Excess concrete was removed with the rod so that the cone was exactly full. All 
spilled concrete was removed from around the base. 
7. The cone was then lifted vertically with a slow even motion, taking approximately 
5 seconds to remove the cone. 
8. The rod was laid across the top of the slump cone and the slump was measured to 
the nearest 10 mm from the bottom of the rod to average top of the slumped 
concrete. 
3.5.3 Concrete Compression Test 
The concrete cylinders used to determine the compressive strength were cast in standard 
plastic non-absorbent cylinder moulds (as seen in Figure 3.12) with an inside diameter of 
101.6 mm (4 in) and height of 203.2 mm (8 in). Hence, the cross-sectional area of the 
concrete specimen was 8107 mm . A releasing agent was applied to the moulds before 
the fresh concrete was added to the moulds in a process very similar to the slump test as 
outlined in the clauses A23.2.1C, A23.2.3C and A23.2.9C and as follows: 
1. The cylinder was filled to approximately one third of the volume and rodded 25 
times. 
2. The cylinder was then filled to approximately two-thirds of the volume and 
rodded 25 times. 
3. The cylinder was finally filled to overflowing and rodded 25 times, where any 
excess concrete was removed from the cylinder with a trowel. 
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4. The cylinder was then capped (Figure 3.13) and placed in a safe place in order to 
avoid disruption. 
"•aii 
Figure 3.12: Plastic cylinder mould Figure 3.13: Filled and capped concrete 
cylinder 
The diameter of the cylinders was measured before the cylinders were capped in order to 
find any variation in size and obtain an accurate measurement of the area for the stress 
calculation. In order to ensure a flat surface for the concrete compression machine to load 
the cylinders, a sulphur capping compound was applied to the cylinders before testing. 
The process began by applying a releasing agent to the capping mould (Figure 3.14). 
Then the hot liquid sulphur compound was portioned into the mould and the cylinder was 
slowly placed into the compound and allowed to dry and set hard (Figure 3.15). 
Figure 3.14: Applying the releasing agent Figure 3.15: Setting the cylinder 
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The sulphur capping dried after about 20 seconds and the excess capping was removed by 
hand (Figure 3.16), and the process was repeated for the other surface of the cylinder 
making the cylinder ready for compression testing (Figure 3.17). 
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Figure 3.16: Removing excess capping Figure 3.17: Completed cylinder 
The compression tests were conducted using a Riehle compression testing machine. The 
machine has a loading capacity of 1300 kN (300 kips) with a variable loading rate and 
several load ranges. Each cylinder was centred under the loading head then compressed 
until failure (Figure 3.18). 
Figure 3.18: Cylinder ready for compression testing 
During compression, a Caldaro 13FLP Linear-motion Potentiometer (LP) was used to 
record the displacement of the cylinder at a specific load. The gauge length (L) of the 
displacement was taken as 203.2 mm which was the height of the cylinder. The LP was 
held in place and secured to the concrete compression machine using a NOGA MG61003 
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magnetic holder. When the specimen reached failure due to crushing, the load was 
recorded. The LP automatically recorded the displacement for each second of loading and 
the displacement marker was recorded at specified loadings. The strain (e) was 
determined from the displacement using the equation: 
AL 
8 = T (3.1) 
The stress (a) was determined from the load applied (P) and area of the concrete 
specimen (A) of the cylinder using the equation: 
<x = P- (3.2) 
The compressive strength of the concrete was found by calculating the stress at the failure 
point of the concrete, while an average strength was determined from each set of four 
cylinders for each day of testing. As seen in the test matrix (Table 3.8) compression tests 
were conducted at 2, 7, 14, 21, and 28 days and four concrete cylinders were tested for 
each day. 
3.5.4 Concrete Density 
The density of concrete (p) was measured for each cylinder before it was subjected to 
compression testing. Prior to being capped the height (H), diameter (D), and mass (M) of 
each cylinder was measured. The height was measured using a ruler which is accurate to 
1 mm (Figure 3.19) and the diameter was measured using a set of callipers accurate to 1 
mm and ruler. The mass was measured using a counter balance scale accurate to 1 g 
(Figure 3.20). 
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Figure 3.19: Cylinder height Figure 3.20: Measuring mass of cylinder 
From the measured dimensions and mass, the density of each cylinder was determined 





The average density was determined from the four cylinders tested on each scheduled day 
for compression testing. 
3.6 Specimens used for Electrical Properties of Concrete 
3.6.1 Casting Concrete for Electrical Measurements 
The concrete poured into the moulds was obtained from the same batch of concrete used 
for the compression strength testing. They were then used to determine any correlation 
between the physical and electrical properties of concrete. The concrete was cast in the 
moulds in a manner similar to that of the cylinders, where the first step was to apply a 
thin coat of releasing agent to the mould in order to ensure the moulds could be reused 
(Figure 3.21). 
59 
Figure 3.21: Applying releasing agent to the acrylic mould 
With the electrodes left in place, the concrete was added with a small spoon to 
approximately one third of the volume of the first chamber and rodded 25 times. Next the 
chamber was filled to about two thirds of the volume and again rodded 25 times (Figure 
3.22). Finally the chamber was filled to overflow, rodded 25 times and smoothed to the 
surface of the mould using a large putty knife. This process was followed for each 
chamber in all of the moulds cast for the experimental program. 
JBBF>—t- -, 4 ' T 
Figure 3.22: Fliminating voids from the concrete mould 
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3.6.2 Electrical Data Acquisition 
The electrical data acquired in the experimental program was obtained using a Keithley 
3300 LCZ meter (Figure 3.23) which uses alternating current to measure multiple 
electrical parameters over a frequency range of 40Hz to 100 kHz. The LCZ stands for 
inductance (L), capacitance (C), and impedance (Z) which are the primary variables 
Figure 3.23: Keithley 3330 LCZ meter 
For testing purposes a Keithley 3323 test fixture was attached to the input selection on the 
front of the meter. Insulated wire was inserted into the test fixture and alligator clips were 
attached to the wire in order to create a stable connection between the LCZ meter and the 
electrodes of the concrete moulds. The test setup used for all of the electrical data 
acquisition can be seen in Figure 3.24. 
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Figure 3.24: Electrical data acquisition test setup 
The electrical properties of the concrete were measured everyday beginning from two 
days after the concrete was cast until twenty-eight days after the concrete was cast. The 
LCZ meter was used to obtain several electrical parameters of the concrete between the 
electrodes including capacitance (C), resistance (R), magnitude of impedance (Z), phase 
angle (0), and dissipation factor (D). During Phase I, each parameter was measured over a 
frequency range of 0 to 10 MHz for each day of the 28 day cycle. After completing Phase 
I, it was apparent that a smaller frequency range for testing would be acceptable, 
therefore a frequency range of 120 to 100 kHz was used in Phase II. After further 
investigation it was found that only one frequency (1 kHz) would be most important for 
the duration of the experimental program, therefore Phase III was completed using a 
frequency of 1 kHz for each sample over the 28 day cycle. 
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4 CIRCUIT REPRESENTATION 
4.1 General 
When considering a material as a dielectric it is common practice to assume a model for 
how current flows through the given material. The most common model used in this 
representation is an electric circuit for which the electrical properties can be attributed to 
the different components of the material. As discussed in Chapter 2, it has been widely 
accepted that concrete for instance has a resistive component and a capacitive component 
represented by both the aggregate and cement paste that is created during the hydration of 
cement. If the components of concrete do indeed contribute to different electrical 
properties, then an electrical circuit model can be devised to explain how concrete 
behaves as an electrical material. 
4.2 Series Circuit 
The simplest circuit model that can be assumed is a circuit with a resistor (R) in series 
with a capacitor (C). In this case, it would be assumed that the resistive and capacitive 
properties of the concrete are provided by the coarse aggregate and the cement paste. A 
physical representation of this circuit can be seen in the circuit schematic shown in Figure 
4.1. 
-jmr—\\-
Figure 4.1: Series circuit schematic 
When considering the electrical impedance of this circuit, first the individual impedance 
(Z) of each component must be considered. Therefore, the impedance of the resistor (R) 
will be represented by Z\ and the impedance of the capacitor (C) will be represented by 
Z2 while the total impedance of the circuit will be represented by the following equation: 
Z total = Z1+Z2 (4-1) 
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The impedance of the resistor is considered to be the value of resistance supplied by the 
material leading to the equation: 
Z1 = R (4.2) 
While the impedance of the capacitor or reactance (X) can be expressed by the following 
equation: 
Z2 = X = — (4.3) 
Where, j = the complex number i (which is used in electrical engineering to avoid 
confusion with the symbol for current i) 
co = angular frequency in radians per second (represented by the equation co = 2itf, 
with/denoting frequency in cycles per second) 
C = the capacitance of the material in the unit of farads (F) 
Therefore the impedance of the series circuit can be separated into both a real quantity 
(R) and complex quantity (X) and can be represented by the following equation: 
Z = R+ —±—. (4.4) 
2nfCj v ' 
The impedance of the series circuit can be represented graphically by plotting the real 
quantity of impedance along the x-axis and the complex quantity along the y-axis. This 
graph is referred to as the impedance plot. If a value for both the resistance (R) and the 
capacitance (C) are assumed over a large frequency range of 1< f < lxlO10 Hz, a plot of 
the impedance of a series circuit with frequency when only R contributes to the 
impedance can be seen in Figure 4.2. 
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Figure 4.2: Impedance vs. frequency with R only 
As seen in Figure 4.2 the impedance of the series circuit (Fig. 4.1) is a horizontal line 
intercepting the y axis at the value of the resistance R. The same theoretical value of 
capacitance was used for each plot as the value of the capacitance is assumed to remain 
constant. A plot of the impedance with frequency, when only the capacitance is 
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Figure 4.3: Impedance vs. frequency with C only 
The plot of impedance with frequency when only C is considered produces a line with a 
negative slope as seen in Figure 4.3. When only the capacitance is considered to 
contribute to the impedance, the impedance of the capacitive element seen in Figure 4.3 
is given in the following equation. 
'total jlnfC 
(4.5) 
The magnitude of Z, denoted by \Z\ is given in the following equation. 
\Ztotai\ — \j2nfC\ 2nfC a (4.6) 
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As seen in Figure 4.3 an increase in capacitance will reduce the y intercept of the line. A 
plot of the impedance when both R and C are considered to contribute to the impedance 
can be seen in Figure 4.4. 
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Figure 4.4: Impedance vs. frequency with C and R 
In the case where both R and C are considered to contribute to the impedance of the 
circuit the impedance is denoted in equation 4.4. The magnitude of Z, denoted by \Z\ is 
given in the following equation. 
IZtotan — R
2 + 
2 l 1 / 2 
\2nfc) \ (4.7) 
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As it can be seen Figure 4.4 the total impedance of the series circuit when plotted with 
frequency produces a curve which becomes asymptotic at the value of the resistance 
found in the circuit, because at higher frequencies the contribution of the capacitive 
element becomes increasingly smaller and only the resistive element contributes to the 
impedance. 
4.3 Parallel Circuit 
The next circuit model that can be assumed is a circuit with a resistor in parallel with a 
capacitor. In this case it is still assumed that the properties of the concrete would be 
provided by a combination of resistance and capacitance. A physical representation of 




Figure 4.5: Parallel circuit schematic 
To calculate the total electrical impedance of the parallel circuit the first step again is to 
consider the impedance of each component. Once again the impedance of the resistor (R) 
will be represented by Zi and the impedance of the capacitor (C) will be represented by 
Z2 while the total impedance (Ztotai) of the circuit will be represented by the following 
equation. 
ztotal zl z2 
(4.8) 






Where, Z1 = R (4.2) 
Z2 = —n (4.3) 
After substituting equation 4.2 and 4.3 into equation 4.6 the following equation can be 
obtained as follows. 
Z total = 7 f f (4-10) 
jo)C 
Equation 4.10 can be simplified by multiplying the numerator and denominator by jcoC 
and multiplying the resultant equation by the conjugate of the denominator: 
7 _ R _ R l-jo)CR _ Rjl-juCR) (A\\\ 
total — 1+j(l)CR ~ i+juCR 1-jcoCR ~~ l+w
2C2R2 ^ ' ' 
Separating the real quantities from the complex quantities in equation 4.11 will result in 
the impedance for the parallel circuit: 
rj R . 0)C R / /I 1 <^\ 
total = 1 + 6 J 2 C 2 R 2 ~ J 1 + W 2 C 2 R 2 (
4 - l ) 
Solving for the magnitude of Z leads to the following equation. 
IZ -<«I=[(TT^) 2 + ( I^F)T / 2 (413) 
Using the real quantity and complex quantity calculated using equation 4.12 the 
impedance plot for the parallel circuit can be constructed. The impedance plot of the 
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Figure 4.6: Impedance plot for parallel circuit 
Each data point in Figure 4.6 corresponds to one frequency and the frequency was varied 
froml Hz to l10Hz. As can be seen in Figure 4.6, the impedance signature of the parallel 
circuit possesses a semi-circular shape intercepting the real axis at the origin and at the 
value of the resistance of the circuit (R). If the plot numbered [1] in Figure 4.6 is 
considered as the control plot, then it can be seen that the impedance signature will 
change depending on whether the resistance (R) or capacitance (C) differs from the 
control plot. For instance plot [2] in Figure 4.6 has the same resistance as plot [1] and 
therefore, has the same intercepts with the real axis, but the capacitance has increased 
over that of the control plot resulting in an increase in amplitude for plot [2]. In general it 
can be assumed that an increase in capacitance will cause an increase in the peak of the 
curve, while a decrease in capacitance will cause a decrease in the amplitude of the curve. 
A change in resistance can also affect the behaviour of the impedance signature which is 
evident from plot [3] in Figure 4.6. Plot [3] was given the same capacitance as the control 
plot while the resistance has increased causing the right intercept with the real axis to 
shift to the higher value of R, while the amplitude has increased slightly over that of the 
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control plot [1]. Therefore, it can be assumed that if the resistance increases, the right 
intercept with the real axis will shift to the new higher value of R and the amplitude of 
the curve will slightly increase. Consequently, if the resistance decreases the right 
intercept with the real axis will shift to the new lower value of R and the amplitude of the 
curve will slightly decrease. 
4.4 Parallel Circuit in Series with a Resistor 
A more complex circuit that can be assumed to model the electrical behaviour of concrete 
is the parallel circuit in series with another resistor (R2). In this case it cannot be assumed 
one particular material contributes fully to either the capacitive or resistive properties of 
concrete. Therefore, the assumption will be made that the cement paste will contribute to 
both the resistance (Ri) and the capacitance (Ci), while the coarse aggregate would 
contribute to the resistance of the concrete only (R2). The physical representation of this 





Figure 4.7: Parallel circuit in series with a resistor schematic 
To calculate the total electrical impedance of the parallel circuit in series with a resistor, 
the first step again is to consider the impedance of each component individually. The 
impedance of the resistor in parallel (Ri) will be represented by Z\, the impedance of the 
capacitor (Ci) will be represented by Z2, and the impedance of the resistor in series (R2) 
will be represented by Z3 while the total impedance of the circuit will be represented by 
the following equation: 
7 _ Z1Z2 I 7 
^total ~ z +Z 3 
(4.14) 
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The impedance is derived in a similar fashion to that of the parallel circuit, therefore, it 
will not be shown here, the only difference in the final equation is the fact that R2 is in 
direct summation with the real quantity in equation 4.12 giving the impedance for this 
circuit the following form: 
R, 
l+a^Ci / f l i / 





Using the real and complex quantities derived in equation 4.15 the impedance plot for the 
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Figure 4.8: Impedance plot for parallel circuit in series with a resistor 
As seen in Figure 4.8, the impedance signature of the parallel circuit in series with a 
resistor possess a parabolic shape where the left intercept with the real axis occurs at the 
value of the resistance R\ and the right intercept with the real axis occurs at the value of 
the real quantity of the impedance found in equation 4.15 at zero frequency. All of the 
plots found in Figure 4.8 have a capacitance of 40 pF, while having different values of Ri 
72 
and R.2. If the plot numbered [1] is considered as the control plot then it can be seen in 
Figure 4.8 that the impedance signature will shift along the real axis and change in 
amplitude if the values of R] and R2 change. In contrast a small change in capacitance 
will have little to no effect on the impedance signature of the parallel circuit in series with 
a resistor, since only a very small increase in amplitude would occur. As seen in plot [2] 
of Figure 4.8 an increase in Ri and R2, causes an increase in amplitude of the impedance 
plot while also shifting the impedance plot to the right along the real axis beyond the 
right intercept of plot [1]. It should be noted that these values are theoretical and were 
selected to purposefully shift plot [2] beyond the right intercept of plot [1]. When 
considering plot [3] in Figure 4.8 it can be seen that if the values of Ri and R2 decrease 
then the amplitude of the impedance plot will decrease and the plot will shift to the left 
along the real axis. 
4.5 Summary 
While only a few different types of circuits were considered in this study of circuit 
representation it is still concluded that determining the most appropriate circuit model for 
a material is very important to classifying the material as an electrical substance. A series 
circuit representation was chosen for the calculations of the electrical parameters in this 
study. In order to determine the best model representation for concrete, an in depth 
analysis of the electrical parameters will be required to be performed over a very large 
frequency range. Since this analysis was not the primary objective of the experimental 
program the analysis was not completed. However, circuit representation was taken into 
consideration as it is an important process in classifying concrete as an electrical material. 
It can be concluded that the best representation of the model circuit can be examined by 
future research that includes several combinations of R and C elements. 
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5 EXPERIMENTAL RESULTS 
5.1 Introduction 
The results in this chapter pertain to the cylinder compression testing and electrical 
testing. The results and their analyses are presented for each phase. 
5.2 Phase I Results 
Phase I used two different moulds; Type I (Fig. 3.7) and Type II (Fig. 3.8) and two 
different electrode spacings: 20 mm and 40 mm. However only one concrete mix 
(Concrete Mix I or A) was used, as shown in Tables 3.8 and 3.9. 
5.2.1 Slump and Density 
The slump test on Concrete Mix I was performed as outlined in section 3.5.2 and it 
produced a slump of 100 mm, which is considered to be low (or moderate) in terms of 
workability. The density of each cylinder was calculated prior to capping using equation 
3.3 and the values of the densities and the average density obtained at each test day can 








e 5.1: Density of cylinders in Phase I 































*Note: Density was not used in calculation and was reported for reference only. 
5.2.2 Compression Strength 
The outline of the concrete cylinder testing performed in Phase I can be seen in the test 
matrix found in Table 3.8. In summary, it can be seen that four concrete cylinders made 
of Concrete Mix I were tested on days 2, 7, 14, 21, and 28 after the concrete was cast. 
Each cylinder was loaded to crushing failure and later analyzed for the stress and strain 
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developed in the cylinder during testing. The stress and strain were calculated from the 
equations 3.2 and 3.1, respectively, and the average stress-strain curves for each testing 
day can be seen in Figure 5.1. The average values were obtained from the four cylinder 
tests completed each day. 
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Figure 5.1: Average stress-strain curves for each testing day in Phase I 
It can be seen from Figure 5.1 that the ultimate stress (it will be called strength in 
subsequent discussion) generally increases with time and the initial strain generally 
decreases with time, with the exception occurring with the curve for Day 2 as the curve 
does not follow the general trend. While it can be noted that compression testing is rarely 
executed on concrete at such a premature age due to the fact that concrete at that early 
stage does not achieve sufficient hydration and testing results can be erratic. However, it 
can be concluded that the strength of the concrete increases with time. The values of the 
strength for each testing day along with the average strength calculated for each testing 
day can be seen in Table 5.2. It should also be noted that due to the non-homogeneous 
nature of concrete, some of the cylinders tested produced inaccurate results and hence, 
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these results were discarded (indicated as outlier in Table 5.2). However, the results from 
a minimum of 3 cylinders were used for each testing day. 






































A plot of the average strength (seen in Table 5.1) with time for the cylinders tested in 
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Figure 5.2: Time vs. average strength for cylinders in Phase I 
After performing a simple linear regression analysis on the data seen in Figure 5.2 it can 
be seen that the R2 value was 0.987 making the linear equation very relevant and reliable 
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in calculating the strength of Concrete Mix I on the 28th day. The equation for calculating 
the strength of Concrete Mix I is as follows. 
/ c ( / ) = 0.4068t +31.764 (5.1) 
Where: fc = concrete strength at a specific day (MPa) 
t = time (days) 
Most of the concrete cylinders tested in Phase I exhibited a cone and split type failure 
(Figure 5.3) while some of the cylinders were found to exhibit a columnar type failure 
(Figure 5.4). The testing day seemed to have no bearing on the type of failure and the 




Figure 5.3: Cone and split type failure Figure 5.4: Columnar type failure 
5.2.3 Electrical Testing Results 
As outlined in section 3.6.2 in chapter 3 the electrical testing was performed over a large 
frequency range in Phase I. However, after a careful analysis and study of all the test 
results, it was found that the results at the frequency ( / ) of 1000 Hz were the most useful 
in this study. Among the measured parameters including capacitance (C), resistance (R), 
magnitude of impedance (Z), phase angle (9), and dissipation factor (D) it was found that 
the capacitance (C) was the most relevant measured parameter and provided the most 
interesting result when it was transformed into the imaginary value of impedance called 
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reactance (X). This was due to the fact that the variance of the other parameters between 
specimens of the same type was found to be higher than the variance seen in the 
reactance of the specimens (discussion of the electrical parameter choice can be seen in 
Appendix B). The reactance was calculated using equation (4.3), assuming that the 
concrete specimens can be modeled using a series circuit. The use of the frequency if) of 
1000 Hz was determined after plotting the reactance of specimen I-A-20-A-I with time at 
different frequencies (Figure 5.5). 
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Figure 5.5: Reactance vs. time for specimen I-A-20-A-I at different frequencies 
As seen in Figure 5.5 the frequency does not affect the shape of the reactance-time curve, 
thus it is concluded that a convenient frequency of 1000 Hz could be chosen without 
changing the results of the study. A frequency of 1000 Hz was chosen due to the fact that 
it produced reliable results within a larger range of reactance values than other 
frequencies, while also producing minimal variance in reactance between specimens of 
the same type. Also, it was observed that the electrical parameters measured at higher 
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frequencies became erratic when compared to 1000 Hz. Therefore, all of the reactance 
values reported in this chapter were calculated at the frequency if) of 1000 Hz. There 
were three specimens cast for both mould types in Phase I with three different types of 
specimens used including: I-A-20-ABC-I, II-A-20-ABC-I and II-A-40-ABC-I. This 
resulted in the testing of mould type I with only one electrode distance of 20 mm and the 
testing of mould type II with two different electrode distances. After calculating the 
average (average value of the three specimens) reactance for each specimen type the 
reactance was plotted over time and can be seen in Figure 5.6. It is worth mentioning here 
that the cross-sectional area of a concrete specimen of mould type I is one quarter the 
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Figure 5.6: Reactance vs. time Phase I 
From Figure 5.6 it can be seen that an increase in cross-sectional area (A) of the concrete 
specimen decreases the reactance of the concrete. This can be seen when comparing 
specimen I-A-20-AVG-I to specimen II-A-20-AVG-I as the only difference between the 
two specimens is the fact that the cross-section of I-A-20-AVG-I was 50 mm x 50 mm 
and the cross-section of II-A-20-AVG-I was 100 mm x 100 mm. It can also be seen that 
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an increase in electrode distance (d) caused an increase in reactance, as specimens II-A-
20-AVG-I and II-A-40-AVG-I differ only in electrode distance representing 20 mm and 
40 mm, respectively. A linear regression analysis was performed on each specimen 
resulting in an equation for calculating the reactance (X) if the time (t) is known. Each 
specimen resulted in R values of 0.9869, 0.9497, and 0.9557 as shown in Figure 5.5. 
Hence, the linear regression analyses for the test data provide a statistically acceptable fit. 
The equations for each specimen are as follows. 
For I-A-20-AVG-I: 
X = 8461.5t + 33908 (5.2) 
For II-A-20-AVG-I: 
X = 1259.7t + 11254 (5.3) 
For II-A-40-AVG-I: 
X = 2813.2t + 20997 (5.4) 
Where: X= reactance (£1) 
t = time (days) 
The results from Phase I can be explained theoretically as the capacitance (C) of a block 
with cubical shape, having a distance between the measuring electrodes d (m) and cross-
sectional area A (m2) is given by the following formula. 
C= £ 0 £ r - (farads) (5.5) 
Where, A = cross-sectional area (m ) 
d = electrode distance (m) 
so = permittivity of free space (F/m) 
sr = dielectric constant 
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It can be seen that an increase in d in equation 5.5 causes a decrease in capacitance (C) 
and therefore, the reactance (X) increases according to equation 4.3. It can also be seen 
that an increase in A in equation 5.5 causes an increase in capacitance (C) and therefore, 
the reactance (X) decreases according to equation 4.3. This agrees with the results found 
experimentally and provides a theoretical background for the results found in this chapter. 
5.2.4 Analysis of Phase I Results 
Since the equations for the reactance (X) and concrete strength (fc) both depend on the 
variable of time linearly, the equations can be arranged to result in a certain reactance 
representing a corresponding strength. The equations for the strength of concrete (fc) in 
terms of reactance (X) for each specimen tested in Phase I are as follows. 
For I-A-20-AVG-I: 
fc = 4.807 x W-
S(X) + 30.13 (5.6) 
For II-A-20-AVG-I: 
fc = 3.229 x 10-
4(X) + 28.13 (5.7) 
For II-A-40-AVG-I: 
fc = 1.446 x 10
-4(X) + 28.73 (5.8) 
Where: X= reactance (Q) 
fc = concrete strength (MPa) 
A plot of equations 5.6 to 5.8 can be seen in Figure 5.7, where the reactance values used 
are the values obtained experimentally. Each point on the linear plot corresponds to one 
day in the concrete curing life. 
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Concrete Strength (fc) vs. Reactance (X) 
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Figure 5.7: Concrete strength vs. reactance in Phase I 
As it can be seen in Figure 5.7, each specimen type represents a distinctly different linear 
plot denoting the concrete strength (fc) in terms of reactance (X). Specimen I-A-20-AVG-
I represents the plot with the lowest slope, while specimen II-A-20-AVG-I represents the 
plot with the highest slope. Therefore, the slope of the strength-reactance plot increased 
as the cross-sectional area (A) of the mould increased. It can also be seen in Figure 5.7 
that specimen II-A-20-AVG-I has a higher slope than specimen II-A-40-AVG-I. 
Therefore, the slope of the strength-reactance plot decreased as the electrode distance 
increased. 
Although the relationship between concrete strength and reactance can be made, 
equations 5.6 to 5.8 are considered valid only for Concrete Mix I as seen in Table 3.4 
(Sample mix B4) for a reactance calculated a t / = 1000 Hz and for the corresponding 
dimensions of each mould which can be seen in Table 3.7. A large number of tests would 
need to be completed in order to develop a generic universal equation relating concrete 
strength to reactance as there may be a large number of other variables which may affect 
the reactance of a concrete. 
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5.3 Phase II Results 
Phase II used only one mould: Type I (Fig. 3.7); one electrode spacing of 20 mm; and 
two cement pastes (Cement Paste Mix I and Cement Paste Mix II in Table 3.5). Cement 
Paste Mix I (C) had a W/C ratio of 0.62, whereas Cement Paste Mix II had a W/C ratio of 
0.39. No strength tests were undertaken on these specimens (Table 3.8). 
5.3.1 Electrical Testing Results 
Phase II consisted of testing the reactance of two different types of cement paste. The mix 
proportions can be seen in Table 3.7, and it can be seen from Table 3.8 that there was one 
specimen cast with Cement Paste Mix I (C) and two specimens cast with Cement Paste 
Mix II (D). Only one mould, Concrete Mould I (A = 50 mm x 50 mm) with electrode 
distance (d = 20mm) was used in this phase (Table 3.8). The reactance (X) of cement 
paste specimens I-C-20-A-II and I-D-20-AVG-II can be seen in contrast to the concrete 
specimen I-A-20-AVG-I of Phase I (same mould with the same electrode distance but 
with Concrete Mix I or A) in a plot with time in Figure 5.8. 
Reactance (X) v.s Time 
| 3.5xl05 
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Time(Days) 
Figure 5.8: Reactance vs. time in Phase II 
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After plotting the reactance (X) of the two cement paste specimens, it was found that the 
reactance of a cement paste increased as the W/C ratio decreased. This was expected 
since the reactance becomes lower as the capacitance of the cement paste increases, and it 
was expected that as the amount of water increases in the cement paste the capacitance 
also increases. From Figure 5.8 it can be seen that the reactance of the cement paste was 
lower than the reactance of the concrete cast in the same mould. This happens because 
the capacitance of the cement paste was higher than the concrete and this is logical due to 
the fact that the cement paste contains no aggregate and the current would be able to 
travel more freely through the cement paste in comparison to the concrete. 
There were no cylinders cast in Phase II due to the fact that cement paste cylinders would 
be very weak and would have very little or no applications in a real world situation. Since 
there is no direct comparison between the reactance and strength of cement paste, the 
main conclusion drawn from Phase II is that the cement paste can be seen to greatly 
affect the reactance of concrete. As seen in Figure 5.8 the reactance of the cement paste 
lies in the same order of magnitude as that of the concrete specimen cast in the same 
mould. Thus, it may be reasonable to conclude that the cement paste present in concrete 
is the main medium in which the current travels. 
5.3.2 Analysis of Phase II Results 
The relationships between the reactance (X) in terms of time (t) for the cement paste 
specimens tested in Phase II are as follows. 
For I-C-20-A-II: 
X = 1646.7t - 4299.1 (5.9) 
For I-D-20-AVG-II: 
X = 4543.lt -1098.9 (5.10) 
When comparing the reactance equations for each of the specimens tested, each specimen 
type presents a different effect on the coefficients of the reactance equation. If the 
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coefficient corresponding to the variable t (time) is considered to be (3 and the coefficient 
corresponding to the intercept is considered to be a then the equation of the reactance 
would take the generic form of the following equation. 
X = 0t + a (5.11) 
In comparison to equation 5.2 which consisted of concrete cast in the same mould, the 
values of the (3 and a in equations 5.9 and 5.10 are much lower. It can also be seen that 
the value of a is a negative value for the cement paste specimens. Since concrete and 
cement paste transform from a liquid state into solid state through the process of 
hydration in under one day, a definite value of the reactance directly after casting (day 0) 
does not particularly exist for the specimens in this study as the reactance was only 
considered for a specific day without considering intermediate values. Therefore, the 
parameter a is simply a theoretical value used in the reactance equations to estimate the 
reactance of the specimens used in this study, for the purpose of showing that it is 
possible to relate the reactance and strength of concrete . 
5.4 Phase III Results 
Phase III used two different moulds: Type II which has an A of 100 mm x 100 mm (Fig. 
3.8) and Type III which has an A of 200 mm x 200 mm (Fig. 3.9) as in Table 3.7 and two 
different concrete mix types: Concrete Mix I and Concrete Mix II (see Tables 3.4 and 
3.6). The spacing between electrodes varied between 20 mm and 40 mm for mould Type 
II, and between 40 mm and 80 mm for mould Type III (Table 3.7). The specimens cast in 
mould Type III were cast with Concrete Mix I and the specimens cast in mould Type II 
were cast with Concrete Mix II. It should be noted that Concrete Mix II (Sample C2 in 
Table 3.6) had a much smaller amount of cement than Concrete Mix I (Sample B4 in 
Table 3.4). 
5.4.1 Slump and Density 
The slump test on Concrete Mix II was performed as outlined in section 3.5.2, produced a 
slump of 250 mm which is considered to be high in terms of workability. The slump of 
Concrete Mix II was considerably higher than the slump of Concrete Mix I, this was due 
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to the low cement content and high W/C ratio present in Concrete Mix II. The density of 
each cylinder was calculated prior to capping using equation 3.3 and the values of the 
densities and the average density for each testing day can be found in Table 5.3. 






































ote: Density was not used in calculation and was reported for reference only. 
5.4.2 Compression Strength 
The details of the concrete cylinders tested in Phase III can be seen in the test matrix 
found in Table 3.8. In summary, it can be seen that 4 concrete cylinders were cast with 
Concrete Mix II and they were tested on days 2, 7, 14, 21, and 28 after the concrete was 
cast. Each cylinder was loaded to failure due to crushing. The load and deformation were 
then analyzed for the stress and strain that developed on the cylinder during testing. The 
stress and strain were calculated from the equations 3.2 and 3.1, respectively, and the 
average stress-strain curves for each testing day can be seen in Figure 5.9. 
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Figure 5.9: Average stress-strain curves for each testing day in Phase III 
It can be seen from Figure 5.9 that the strength generally increases with time and the final 
strain generally increases with time. However, it can be concluded that the strength of the 
concrete increases with time. The values of the strength for each testing day along with 
the average strength calculated for each testing day can be seen in Table 5.4. It should 
also be noted that due to the non-homogeneous nature of concrete, some of the cylinders 
tested produced inaccurate results and hence, these results were discarded (indicated as 
outlier in Table 5.4). However, the results from a minimum of 3 cylinders were used for 
each testing day. 
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A plot of the average strength (seen in Table 5.4) with time for the cylinders tested in 
















Time vs. Average Strength 
y = 0.2987x + 13.392 
R2 = 0.9833 
10 15 20 25 
Time (Days) 
30 
Figure 5.10: Time vs. average strength for cylinders in Phase III 
After performing a simple linear regression analysis on the data seen in Figure 5.9 it can 
be seen that the R value was 0.9833 making the linear equation accurate when 
calculating the strength of Concrete Mix II on any given day over 28 days. The equation 
for calculating the strength of Concrete Mix II is as follows: 
/ c ( / / ) = 0.2987t + 13.392 (5.12) 
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Where :fc = concrete strength at a specific day (MPa) 
t = time (days) 
When comparing the strength of Concrete Mix I to Concrete Mix II it can be seen that 
Concrete Mix II was considerably weaker in comparison to Concrete Mix I, which was an 
expected result since Concrete Mix II was created for the sole purpose of making a 
concrete mix containing the least amount of cement as possible. To see a direct 
comparison between the strength of each mix on each testing date, the average strength 
for each mix can be seen in Table 5.5. 
Table 5.5: Comparison of strength between Mix I and II 

























The failure type of the cylinders in Phase III was found to be the same as the two failure 
types found in Phase I (Figure 5.3 and Figure 5.4), without an occurrence of any different 
failure types. 
5.4.3 Electrical Testing Results 
As outlined in section 3.6.2 in chapter 3 the reactance values recorded in Phase III were 
executed at a frequency ( / ) of 1000 Hz. 
There were three specimens cast for both mould types in Phase III with four different 
types of specimens used including: II-B-20-ABC-III, II-B-40-ABC-III, III-A-40-ABC-III 
and III-A-80-ABC-III. This resulted in the testing of mould type II using Concrete Mix II 
with two different electrode distances and the testing of mould type III using Concrete 
Mix I with two different electrode distances. The average reactance of specimens II-B-














Reactance (X) vs. Time (AVG Phase III) 
y = 680.32X + 4392.9 





y = 327.88x +2433.2 
R2 = 0.944 
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Figure 5.11: Reactance vs. time for specimens II-B-20-AVG-III and II-B-40-AVG-
III 
From Figure 5.11 it can be seen that the reactance of specimen type II-B-20-AVG-III was 
lower than the reactance of II-B-20-AVG-III. Since the electrode distance was the only 
parameter changed for mould type II in Phase III, it can be seen that as electrode distance 
increased the reactance (X) also increased. A linear regression analysis was performed on 
the two specimens from Phase III, resulting in an equation for calculating the reactance if 
the time is known. The analysis resulted in the R2 values of 0.944 and 0.956 for II-B-20-
AVG-III and II-B-40-AVG-III respectively, showing that the resulting equations 
represent a reliable model fit. The equations for each specimen are as follows. 
For II-B-20-AVG-III: 
X = 327.88t + 2433.2 
For II-B-40-AVG-III: 
(5.13) 
X = 680.32t + 4392.9 (5.14) 
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The average reactance of specimens III-A-40-ABC-III and III-A-80-ABC-III were also 












Reactance (X) vs. Time (AVG Phase III) 
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35 
Figure 5.12: Reactance vs. time for specimens III-A-40-AVG-III and III-A-80-AVG-
III 
From Figure 5.12 it can be seen that the reactance of specimen type III-A-40-AVG-III 
was lower than the reactance of III-A-80-AVG-III. Since the electrode distance was the 
only parameter changed for mould type III in Phase III, it can be seen that as electrode 
distance increases the reactance (X) also increases. A linear regression analysis was 
performed on the two specimens from Phase III, resulting in an equation for calculating 
the reactance if the time is known. The analysis resulted in the R values of 0.8797 and 
0.8852 for III-A-40-AVG-III and III-A-80-AVG-III respectively, showing that the 




X = 150.12t + 2710.9 (5.15) 
For III-A-80-AVG-III: 
X = 317.59t +5584.1 (5.16) 
5.4.4 Analysis of Phase III Results 
Since the equations for the reactance (X) and concrete strength (fc) both depend on the 
variable of time linearly, the equations can be arranged to result in a certain reactance 
representing a corresponding strength. The equations for the strength of concrete (fc) in 
terms of reactance (X) for each specimen tested in Phase III are as follows. 
For II-B-20-AVG-III: 
fc = 9.110 x 10
_4(X) + 11.18 (5.17) 
For II-B-40-AVG-III: 
fc = 4.391 X10~
S(X) + 11.46 (5.18) 
Where: X= reactance (Q) 
fc = concrete strength (MPa) 
A plot of equations 5.17 and 5.18 can be seen in Figure 5.13, where the reactance values 
used are the values that were obtained experimentally. Each point on the linear plot 
denotes 1 day in the concrete life cycle. 
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Figure 5.13: Concrete strength vs. reactance in Phase III 
As it can be seen in Figure 5.13 each specimen type represents a distinctly different linear 
plot denoting the concrete strength (fc) in terms of reactance (X). Specimen II-B-20-
AVG-III represents the plot with the highest slope, while specimen II-B-40-AVG-III 
represents the plot with the lowest slope. Therefore, the slope of the strength-reactance 
plot decreased as the electrode distance increased. 
The two relationships seen in equations 5.17 and 5.18, between concrete strength and 
reactance are considered valid only for Concrete Mix II as seen in Table 3.6 (Specimen 
mix C2), for a reactance calculated a t / = 1000 Hz, and for the corresponding dimensions 
of mould Type II which can be seen in Table 3.7. 
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5.5 Parametric Study 
In order to determine how the testing parameters of electrode spacing, mould area, and 
cement content affects the reactance of the concrete tested in the experimental program, a 
parametric study was undertaken. 
5.5.1 Effect of Electrode Spacing 
When the specimens II-A-20-AVG-I and II-A-40-AVG-I are considered it is known that 
the electrode distance of the two specimens is 20 mm and 40 mm, respectively whereas, 
other parameters such as concrete cross-section and concrete mix type are the same. The 
(2813 1\ -J times larger 
than the value of P for the specimen II-A-20-AVG-I, while the value of a for specimen II-
(20997\ 1 times larger than the value of a for the specimen II-A-20-
AVG-I (see equations 5.3 and 5.4). The average increase between the two parameters is 
2.05 = ( - :—J, showing that for the concrete specimens tested in Phase I the reactance 
doubled as the electrode distance doubled. 
When the specimens III-A-40-AVG-III and III-A-80-AVG-III are considered it is known 
that the electrode distance between the two specimens is 40 mm and 80 mm, respectively. 
(317 59\ —:—1 times larger than the 
value of (3 for the specimen III-A-40-AVG-III, while the value of a for specimen III-A-
80-AVG-III is 2.059 - f -J times larger than the value of a for the specimen III-A-
40-AVG-III (see equations 5.15 and 5.16). The average increase between the two 
parameters is 2.0875 = ( - :—J, showing that the specimens tested in Phase III also 
exhibited a reactance that doubled as the electrode distance doubled. 
When the specimens II-B-20-AVG-III and II-B-40-AVG-III are considered it is known 
that the electrode distance of the two specimens is 20 mm and 40 mm, respectively. The 
/ c o n 3 ? \ 
value of P for specimen II-B-40-AVG-III is 2.07 = I—'•—) times larger than the value of 
V327.88/ 
P for the specimen II-B-20-AVG-III, while the value of a for specimen II-B-40-AVG-III 
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/4392 9 \ 
is 1.81 = ( -J times larger than the value of a for the specimen II-B-20-AVG-III (see 
equations 5.13 and 5.14). The average increase between the two parameters is 1.94 = 
(2 07 +1 81 \ :—J, showing that the other specimens tested in Phase III also exhibited a 
reactance that doubled as the electrode distance doubled. It is interesting to note that the 
same relationship between electrode distance and reactance exists in both Phase I and 
Phase III regardless of the electrode contact area or the concrete mix used. This effect can 
be seen in Figure 5.14 which shows the reactance plotted with electrode spacing for all of 















Reactance (X) vs. Electrode Spacing (Day 7) 
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Figure 5.14: Reactance vs. electrode spacing at day 7 
However, it is unclear if the same result would occur if the electrodes were spaced at 
different distances. Therefore, it needs to be tested at a later date to determine the effects 
of changing the electrode distance at different values. 
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5.5.2 Effect of Electrode Contact Area 
When the specimens I-A-20-AVG-I and II-A-20-AVG-I are considered it is known that 
the cross-section of each specimen (A) is 50 mm x 50 mm and 100 mm x 100 mm, 
respectively. The value of P for specimen I-A-20-AVG-I is 6.72 = ( -J times larger 
than the value of (3 for the specimen II-A-20-AVG-I, while the value of a for specimen I-
A-20-AVG-I is 3.01 = ( J times larger than the value of a for the specimen II-A-20-
AVG-I (see equations 5.2 and 5.3). Therefore, it seems that an increase of cross-sectional 
area (A) caused a decrease in reactance and a decrease in the parameters p and a in Phase 
I. 
When the specimens II-A-40-AVG-I and III-A-40-AVG-III are considered it is known 
that the cross-section of each specimen is 100 mm x 100 mm and 200 mm x 200 mm, 
(2813 2"\ - J times larger 
than the value of P for the specimen III-A-40-AVG-III, while the value of a for specimen 
/20997\ 
II-A-40-AVG-I is 7.75 = [ 1 times larger than the value of a for the specimen III-A-
40-AVG-III (see equations 5.4 and 5.15). Therefore, in Phase III it still seems that an 
increase in electrode contact area (A) caused a decrease in reactance and a decrease in the 
parameters P and a in Phase III. The general trend that relates the electrode contact area 
to the parameter p can be seen in Figure 5.15. 
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CO. 
(3 vs. Electode Contact Area 
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Figure 5.15: Variation of p with electrode contact area 
As seen in Figure 5.15, P decreases as the electrode contact area increases. This general 
trend cannot be further explored in this study since only limited data is available. Thus, in 
the future, a larger number of contact areas need to be tested in order to determine the 
exact effect of electrode contact area (A) on the parameter p. The general trend that 
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Figure 5.16: Variation of a with electrode contact area 
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As seen in Figure 5.16, a also decreases as the electrode contact area increases. This 
general trend needs to be further explored with more specimens with different contact 
areas in order to determine the exact effect of electrode contact area on the parameter a. 
The main conclusion that can be drawn from the effect of electrode contact area on the 
reactance of concrete is that, the reactance decreases as the electrode contact area 
increases. This relationship can be seen in the plots of reactance with time for the 
specimens discussed in this section (Figure 5.17). 
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Figure 5.17: Reactance vs. time for specimens with varying electrode contact area 
5.5.3 Effect of Cement Content 
When the specimens II-A-20-AVG-I and II-B-20-AVG-III are considered it is known that 
the specimens differ in concrete mix only. Specimen II-A-20-AVG-I used Concrete Mix I 
and specimen II-B-20-AVG-III used Concrete Mix II, respectively, Concrete Mix II (B) 
used a much smaller proportion of cement than Concrete Mix I (A). The value of P for 
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(1259 7 \ ) times larger than the value of B for the 327.88/ 
specimen II-B-20-AVG-III, while the value of a for specimen II-A-20-AVG-I is 4.63 = 
/ H 2 5 4 \ 
( 1 times larger than the value of a for the specimen II-B-20-AVG-III. While there is 
no direct correlation that can be made, it can be seen that reducing the amount of cement 
in the concrete caused a reduction in the reactance of the specimens tested. 
When the specimens II-A-40-AVG-I and II-B-40-AVG-III are considered it is known that 
the specimens differ by concrete mix type only. These two specimens used Concrete Mix 
I and Concrete Mix II, respectively. The value of P for specimen II-A-40-AVG-I is 4.14 = 
( -J times larger than the value of P for the specimen II-B-40-AVG-III, while the 
(20997\ 1 times larger than the value of a 
for the specimen II-B-40-AVG-III. There still does not seem to be a direct relationship 
between the amount of cement content and reactance but it is interesting that the 
parameters P and a seem to increase by roughly the same amount regardless of the 
electrode distance. It is concluded that in general a decrease in cement content will cause 
a decrease in reactance, which can be seen in the plots of reactance with time for the 
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Figure 5.18: Reactance vs. time for specimens with varying cement content 
However, a distinct relationship between the reactance and cement content cannot be 
determined using the data in this study. A number of specimens with different cement 
contents need to be tested in the future in order for it to become more apparent as to what 
distinct effect that changing the cement content of the specimen has on the reactance of 
concrete besides simply lowering it. 
5.6 Summary 
This chapter presented and discussed the results of the experimental program followed in 
this study. The results of each phase were presented including both the compression 
strength results and the electrical testing results. It was concluded that the reactance of 
concrete is not greatly affected by frequency as the shape of the reactance-time curve 
does not change with frequency. After analyzing the data it was apparent that a linear 
relationship existed between the reactance and compressive strength of concrete. It was 
also discussed how the parameters of the concrete specimens effected the reactance of the 
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concrete tested in this study. It was found that an increase in electrode distance caused an 
increase in reactance, an increase in electrode contact area caused a decrease in reactance 
and a decrease in cement content caused a decrease in reactance. These general 
relationships were discovered in the experimental program of this study, whereas a 
definite relationship between these parameters and the reactance of concrete cannot be 
developed without further research. 
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6 SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 
6.1 Summary 
The objectives of this study were to determine if a relationship exists between the 
electrical properties and strength of concrete and investigate the effect of electrode 
distance, electrode contact area, and cement content on the electrical properties of 
concrete. The study was carried out in three distinct phases in order to organize the 
results in an appropriate manner. 
Phase I used two different moulds: Type I (Fig. 3.7) and Type II (Fig. 3.8) and two 
different electrode spacings: 20 mm and 40 mm. However only one concrete mix 
(Concrete Mix I or A) was used, as shown in Tables 3.8 and 3.9. The reactance of the 
concrete specimens was linearly correlated to the strength of the concrete and the results 
are given in equations 5.6, 5.7, and 5.8. The physical parameters tested in Phase I include 
the electrode spacing and electrode contact area. It was found that doubling electrode 
distance doubled the reactance, and in general an increase in electrode contact area 
caused a reduction in reactance. 
Phase II used only one mould: Type I (Fig. 3.7): one electrode spacing of 20 mm; and 
two cement pastes (Cement Paste Mix I and Cement Paste Mix II). Cement Paste Mix I 
(C) had a W/C ratio of 0.62, whereas Cement Paste Mix II (D) had a W/C ratio of 0.39. 
No strength tests were undertaken on these specimens (Table 3.8). Although there was no 
strength data to correlate the reactance with for the cement paste, it was found that the 
reactance of the cement paste increased as the W/C ratio decreased. This result was 
expected as Cement Paste Mix II (D) had a higher amount of water than Cement Paste 
Mix I (C) and it was assumed that the capacitance would increase as the amount of water 
present increased. It was also found that the reactance of the cement paste was in the 
same order of magnitude of the concrete tested in the same mould. Therefore, it may be 
concluded that the cement paste is the main medium in which the current travels in 
concrete. 
Phase III used two different moulds: Type II (Fig. 3.8) and Type III (Fig. 3.9) as in Table 
3.7 and two different concrete mix types: Concrete Mix I (A) and Concrete Mix II (B). 
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The spacing between electrodes varied between 20 mm and 40 mm for mould Type II, 
and between 40 mm and 80 mm for mould Type III (Table 3.7). The specimens cast in 
mould Type III were cast with Concrete Mix I and the specimens cast in mould Type II 
were cast with Concrete Mix II. The reactance of the concrete specimens cast with 
Concrete Mix II were found to correlate linearly with the strength of the concrete tested 
and the results can be seen in equations 5.17 and 5.18. The physical parameters tested in 
Phase III include the electrode spacing, electrode contact area, and cement content. It was 
found when comparing the results from Phase I and Phase III that once again doubling 
the electrode distance doubled the reactance, although it was seen in three different cases 
it cannot be assumed that the reactance will double in every case that the electrode 
distance doubles. It was found once again that in general an increase in electrode contact 
area caused a reduction in reactance, this general statement is the only definite evidence 
found for how the electrode contact area affects the reactance. It was also found that a 
reduction of cement content from Concrete Mix I to Concrete Mix II caused a reduction 
of the reactance as well. 
6.2 Conclusions 
Based on the results obtained in this study the following conclusions were made. It must 
be noted that the conclusions made here only pertain to the concrete mixes and mould 
sizes used in this study. 
• The strength of concrete can definitely be related to the reactance of concrete, 
since both of the variables vary linearly with time. 
• The reactance of the concrete increases if the electrode distance in the concrete 
mould increases. 
• The reactance of the concrete decreases if the electrode contact area in the 
concrete mould increases. 
• The reactance of the concrete decreases if the cement content of the concrete 
decreases. 
• The reactance of concrete is not greatly affected by frequency as the shape of the 
reactance-time curve does not change with frequency. 
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6.3 Recommendations 
In order to further establish the relationship between the reactance and strength of 
concrete, further testing is required with other parameters not discussed in this study. An 
increased number of electrode distances should be studied with varying factors of 
increase, including triple the electrode distance and quadruple the electrode distance. An 
increased electrode contact area with the same electrode distance should also be studied, 
in order to establish a more definite trend between the electrode contact area and the 
reactance. Also, the effect of increased aggregate size should be studied to further 
investigate the relationship between the reactance and strength of concrete. Further 
research should also be completed in order to establish the proper circuit representation 
for concrete as an electrical material. 
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APPENDIX A - REACTANCE DATA 





































































































































































































































































































































































































APPENDIX B - ELECTRICAL PARAMETER PLOTS 
As.discussed in the body of this thesis, the reactance was found to be the most important 
electrical parameter in this study. However, other electrical parameters were tested to 
investigate which parameter would be best suited for this study. The resistance (R), 
impedance (Z), phase angle (9), and dissipation factor (D) were also acquired in each 
phase. It was found that like reactance (X), the resistance (R) and impedance (Z) also 
exhibited a linear relationship with time. However, the variance between specimens of 
the same type was found to be higher than the variance seen in the reactance of the 
specimens. Therefore, these parameters were not used in the analysis of the test results. 
Also, it was found that the phase angle (0) and dissipation factor (D) did not produce a 
linear relationship with time and were therefore, disregarded as well. Following are plots 
of the parameters described above plotted with time, for specimens I-A-20-A-I and I-A-
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Figure B.0.2: Impedance vs. time for specimens I-A-20-A-I and I-A-20-B-I 





















o • ^ M +•» 
(U 
Q . 
• ^ M 
to 






Dissipation Factor (D) vs. Time 





Figure B.0.4: Dissipation factor vs. time for specimens I-A-20-A-I and I-A-20-B-I 
APPENDIX C - STRESS-STRAIN PLOTS 
The average stress-strain curves were given for each testing day in the Phase I 
compressive strength testing section (5.2.2) in Figure 5.1. However, each compression 
cylinder tested developed a unique stress-strain curve, and therefore, the stress-strain 
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Figure C.0.1: Day 2 stress-strain curves 
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Figure C.0.2: Day 7 stress-strain curves 
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Figure C.0.3: Day 14 stress-strain curves 
Stress-Strain Curves (Day 21) 
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Figure C.0.5: Day 28 stress-strain curves 
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APPENDIX D - INTRODUCTION OF DEFECT INTO CONCRETE 
The effect of introducing a defect into a concrete specimen at specific days in the 
concrete curing life cycle was also completed in this study. Six concrete specimens were 
cast in Concrete Mould II (Figure D.0.1) with an electrode spacing of 40 mm only, using 
Concrete Mix I (A). 
Figure D.0.1: Concrete Mould II with electrodes spaced 40 mm 
One specimen was considered the control specimen and no defect was introduced into the 
specimen, while the other specimens had a 10 mm hole drilled into the centre of the 
concrete on the days 2, 7, 14, 21, and 28 (Figure D.0.2). 
Figure D.0.2: Hole being drilled in concrete mould 
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Cylinders were also cast using Concrete Mix I (A), and were tested for strength on days 
2, 7, 14, 21, and 28. A 10 mm hole was also drilled in the centre of the cylinders on the 
day of testing and it can be seen in Figure D.0.3. 
Figure D.0.3: Hole being drilled in concrete cylinder 
The results of the compression testing can be seen in Table D.0.1 where the strength of 
each cylinder and the average strength for each testing day is given. 






































Each concrete specimen used for measuring electrical parameters was measured from 
days 2 to 28 and on the day of defect introduction the reactance was measured before the 
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hole was drilled and directly after the hole was drilled to determine the effect of 
introducing a defect on the reactance of concrete. A plot of the reactance with time for the 
samples tested can be seen in Figure D.0.4. It should be noted that only the plots for the 
control and days 2 and 14 were included as it was found that the moulds used for the 
other testing days were of poor quality and provided inconsistent results. 
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Figure D.0.4: Reactance vs. time for defected concrete specimens 
In Figure D.0.4 it can seen that the reactance increased directly after the defect was 
introduced, and that the reactance of the other specimens followed the reactance of the 
control specimen closely until the defect was introduced. From this result it can be 
concluded that the existence of a defect in concrete can be determined using the reactance 
as an indication, since the reactance increases directly after a defect is introduced into the 
concrete. 
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